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ABSTRACT OF DISSERTATION 
 
 
 
 
CAVITATION NANOBUBBLE ENHANCED 
FLOTATION PROCESS FOR MORE EFFICIENT COAL RECOVERY 
 
Froth flotation is a widely used, cost effective particle separation process.  However, its 
high performance is limited to a narrow particle size range, e.g., between 50 µm and 600 
µm for coal and between 10 µm and 100 µm for minerals.  Outside this range, the 
efficiency of froth flotation decreases significantly, especially for difficult-to-float 
particles of weak hydrophobicity (e.g., oxidized coal).    
Nanobubbles integrated into a specially designed column flotation expanded the particle 
size range for efficient froth flotation as a result of increased probabilities of particle-
bubble collision and attachment and reduced probability of detachment.  
The major advantages of nanobubble enhanced flotation include lower collector and 
frother dosages since nanobubbles that are mostly smaller than 1 µm can be formed 
selectively on hydrophobic coal particles from dissolved air in coal slurry. Nanobubbles 
act as a secondary collector on particle surfaces, thereby resulting in considerably lower 
operating costs.   
A systematic parametric investigation of the proposed technology was performed to 
understand the effects of process variables on separation performance with a typical coal 
sample using a specially designed flotation column and three 10-liters conventional 
flotation cells. Results indicate that the combustible recovery of a -150 µm coal increased 
by 5-50% in the presence of nanobubbles, depending on process operating conditions. 
Nanobubbles also significantly improved process separation efficiency and increased the 
flotation rate constant by more than 40%.  
Theoretical evaluation of the innovative flotation technology was employed using 
specially designed apparatus to study the nanobubbles stability and the roles of 
nanobubbles on particle-bubble interactions, froth stability, and surface area flux. In 
addition, a detailed technical performance and economic evaluation was performed. 
KEYWORDS: Nanobubble, Cavitation, Froth Flotation, Coal, Column Flotation 
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CHAPTER 1. INTRODUCTION 
1.1. BACKGROUND 
Worldwide most electricity is generated from coal and a majority of steel is produced 
today using coal as a reducing agent. Coal is also widely used in cement manufacture and 
other industries (World Coal Association, 2012). The United States is one of the largest 
users and producers of coal (U.S. Energy Information Administration, 2009). There are 
two main types of coal: low rank coal and high rank coal. Coal ranking is determined by 
degree of transformation of the original plant materials to carbon. Therefore, low rank 
coal, which can be subdivided into lignite and subbituminous, is low in carbon and 
energy value but high in hydrogen and oxygen contents. On the other hand, high rank 
coal, which can be subdivided into bituminous and anthracite, is high in carbon and 
therefore energy value but low in hydrogen and oxygen contents.  
Coal has to be cleaned prior to its usage, and froth flotation is the most popular method in 
the industry for cleaning -600 µm or -150 µm coal particles from gangue minerals.  Froth 
flotation exploits the difference in surface hydrophobicity of different particles. It is most 
efficient and cost effective for particles within a narrow size range, nominally from 50 
µm to 600 µm for coal and from 10 µm to 100 µm for minerals (Feng and Aldrich, 1999; 
King, 1982; Trahar and Warren, 1976).  The lower and upper particle size limits are 
determined by the probabilities of collision, attachment, and detachment (Tao, 2004). 
Previous studies have demonstrated that the flotation recovery of coal particles of poor 
floatability can be enhanced by use of nanobubbles (Tao et al., 2006; Tao et al., 2008; 
Fan et al., 2010d; Tao, Fan and Honaker, 2010).  
Nanobubbles are nanoscopic bubbles that can be created by several methods such as 
ultrasonic (Farmer, Collings and Jameson, 2000; Kim, Song and Kim, 2000), solvent 
exchange (Lou et al., 2000; Paxton et al., 2004; Zhang et al., 2005; Zhang et al., 2006a; 
Zhang, Khan and Ducker, 2007; Hampton, Donose and Nguyen, 2008; Yang et al, 2009; 
Zhang and Maeda, 2011), pressure reduction (hydrodynamic cavitation) (Zhou et al., 
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1997; Johnson and Cooke, 1981), or temperature change (Zhang, Khan and Ducker, 
2007; Yang et al, 2007; Seddon et al., 2011). Nanobubbles selectively nucleate at the 
surface of hydrophobic particles (Zhou et al., 1997) because work of adhesion between a 
solid particle and water is always smaller than work of cohesion of water. Furthermore, 
work of adhesion decreases with increasing solid surface hydrophobicity measured by the 
contact angle (Zhou et al., 1997; Luttrell and Yoon, 1992). 
1.2. OBJECTIVES 
The overall objective of the dissertation was to study a cavitation nanobubble flotation 
process for enhanced recovery of coal particles by improving bubble-particle collision 
and attachment probabilities and by minimizing detachment probability. The specific 
objectives included: 
 Reviewing fundamental characteristics of nanobubble formation, size distribution, 
stability and their effects on the froth flotation process. 
 Developing a 5.08 cm diameter laboratory flotation column utilizing dual bubble 
generators that produce both nanobubbles (smaller than 1 µm) and regular sized 
bubbles of about 500 µm. 
 Evaluating the specially designed flotation column to understand effects of different 
process variables on separation performance with a typical coal sample. 
 Investigating a bank of three 10-liters conventional flotation cells integrated with 
nanobubble technology. 
 Studying the fundamental roles of nanobubbles on particle-bubble interactions, froth 
stability, and surface area flux using specially designed apparatus.  
 Evaluating the detailed technical and economic aspects of the innovative technology. 
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1.3. ORGANIZATION 
The dissertation was organized into 6 chapters. Chapter 1 is an introduction. Chapter 2 is 
a comprehensive literature review and theoretical considerations on the subject of 
nanobubble enhanced froth flotation.  
Extensive experimental work and theoretical study were performed. The experimental 
setups, procedures and measurement techniques are described in Chapter 3. Experimental 
results, observations, and discussions are given in Chapter 4 which is divided into six 
sections: section 4.1 is for sample characterization; section 4.2 is for specially designed 
laboratory column flotation; section 4.3 is for the bank of three 10-liters mechanical 
flotation cells; section 4.4 is for fundamental characterization of nanobubbles; 4.5 is for 
fundamental studies of nanobubble roles on particle-bubble interaction, froth stability, 
and surface are flux; and section 4.6 is for technical performance and economic 
evaluation of the proposed technology.  
The conclusions of this study are presented in Chapter 5. Finally Chapter 6 contains 
suggestions for further study derived from a review of the results of this work.  
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CHAPTER 2. LITERTURE REVIEW & THEORITICAL 
CONSIDERATIONS 
2.1. FUNDAMENTALS OF NANOBUBBLES 
2.1.1. Formation 
Generation of nanobubbles, which are tiny bubbles smaller than 1 µm, can be induced by 
a number of methods such as: 
 Power ultrasonic: Ultrasonic waves reduce the pressure sharply below the saturated 
vapor pressure, causing the dissolved air to separate out as bubbles. 
 Solvent exchange: A liquid of higher gas solubility is used to replace one of lower gas 
solubility to release the gas in forms of nanobubbles.  
 Temperature change: Increasing the temperature of the solution decrease gas 
solubility and increases the gas released to produce nanobubbles. 
 Turbulent flow (shearing): Nanobubbles are produced by cavitation tube or swirl 
flows.  
 Microporous (sintered material): Nanobubbles are generated by blowing gas through 
a sintered or loosely bonded ceramic, metal, and glass with nanoscale open pores or a 
glass tube extended into a small diameter in the liquid. 
 Electrolysis: Oxygen and hydrogen nanobubbles are produced by generating oxygen 
and hydrogen gases at the electrolysis electrodes. It is mainly used in electroflotation 
technique.  
 Chemical reaction: Gas generated by chemical reactions produces tiny bubbles. For 
example, carbon dioxide produced by mixing acid with carbonate is used in a reactive 
flotation technique. 
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The most common method in froth flotation is the pressure reduction by hydrodynamic 
cavitation which is a process of creation of nanobubbles in a liquid as a result of the 
rupture of a liquid-liquid interface (work of cohesion of water 
cW ) or at a liquid-solid 
interface due to the rupture of a liquid-solid interface (work of adhesion 
aW  between 
water and solid). It takes place when the liquid pressure P  is reduced to below a critical 
value with abrupt increase in the flow velocity U  (Young, 1989), which is well 
described in Bernoulli’s Equation (1):  
CUP  2
2
1
           (1) 
where   is water density.  
cW  and aW  can be expressed in Equations (2) and (3), respectively (Tadros, 2005): 
lcW 2           (2) 
  cos1 laW          (3) 
where l  is liquid surface tension and   is three-phase contact angle.  
Equations (2) and (3) indicate that the work of adhesion 
aW  is always smaller than the 
work of cohesion of water cW , suggesting that nanobubble generation will occur 
preferentially at the solid/water interface. Since hydrophobic particles have a greater 
contact angle  , they have a smaller value of aW , indicating that hydrophobic particle 
surfaces are the more favorable sites for cavitation to take place. Therefore, the 
generation of nanobubbles by hydrodynamic cavitation is fundamentally a selective 
process, which should have a positive effect on flotation efficiency. 
 6 
 
2.1.2. Size Distribution 
Nanobubbles normally refer to nanoscopic-sized bubbles smaller than 1 µm as shown in 
Figure 2-1 (Fan et al., 2010a). Figure 2-1 shows that the nanobubbles generated by a 
cavitation tube are about two orders of magnitude smaller than microbubbles produced by 
a static mixer.  Frother F507 produces smaller nanobubbles than frother MIBC. This is 
because the surface tension reduction by F507 is more significant than by MIBC.   
 
Figure 2-1. The size distribution curve for bubbles generated by static mixer (A) and 
cavitation tube (B) in water solution with 10 ppm MIBC and F507 (Fan 
et al., 2010a). 
Ushikubo et al. (2010) employed a green badge (532 nm laser) Zetasizer Nano ZS 
particle size analyzer (ZEN3500, Sysmex Co., Japan), which detects Brownian motion of 
bubbles through dynamic light scattering (DLS), to measure the size distribution of the 
oxygen nanobubbles generated by a nozzle after mixing water with gas at a high pressure 
in a pressurized sump and the results are shown in Figure 2-2.  The geometric mean of 
the nanobubble size was 137 nm 
Figure 2-3 shows nanobubbles with a mean bubble diameter of 360-720 nm generated 
from Shirasu-porous-glass (SPG) membranes with a mean pore diameter of 43-85 nm 
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(Kukizaki and Goto, 2006). The nanobubble size was measured using a laser diffraction 
particle size analyzer (Kukizaki and Goto, 2006). 
 
Figure 2-2. Oxygen nanobubble size distribution generated by a nozzle after stopping the 
gas introduction. The vertical bars represent the standard deviation of the 
replication data (Ushikubo et al., 2010). 
 
Figure 2-3. Cumulative size distribution of nanobubbles generated by (SPG) membranes 
with mean pore diameters of (a) 43 nm, (b) 55 nm, (c) 64 nm, (d) 85 nm. 
The flow velocity and concentration of sodium dodecyl sulfate were 0.7 
m/s and 0.3 wt.%, respectively (Kukizaki and Goto, 2006).  
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2.1.3. Stability 
Recent AFM studies have confirmed that nanobubbles are stable and can exist on a 
hydrophobic surface for several hours without discernible changes as shown in Figure 2-4 
(Borkent et al., 2010) although the conventional Laplace equation suggests that the 
capillary pressure of a nanobubble is too great for the nanobubble to be stable. This is 
partly because nanoscopic contact angle is much larger than the macroscopic contact 
angle and the radius of curvature is large because the apparent radius of the nanobubble is 
usually larger than two times its height on hydrophobic surface (Borkent et al., 2010). 
Nanoscopic contact angle of nanobubbles with a hydrophobic surface is typically larger 
than 100o as shown in Figure 2-4 and Figure 2-5 (Borkent et al., 2010 and Johnson et al., 
2012). The nanoscopic contact angle is more than twice the measured macroscopic 
contact angle of a water droplet deposited on the same surface (Borkent et al., 2010). 
 
Figure 2-4. AFM image of surface nanobubbles on a hydrophobic surface inside a large 
water droplet. The image is 2000 x 2000 x 40 nm3 (Borkent et al., 2010). 
 
Figure 2-5. AFM image of a nanobubble that exists on a hydrophobic surface with a 
contact angle larger than 100o (Johnson et al., 2012). 
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Nanobubbles also are very stable in liquid and can maintain their size without significant 
change as shown in Figure 2-6 and Figure 2-7.  Figure 2-6 shows that the effective 
diameter can be maintained at 750 nm within 1 hour (Cho et al., 2005).  Figure 2-7 shows 
that the geometric mean of nanobubbles generated in water by a nozzle was 137 nm after 
stopping the generation of the nanobubbles. The diameter increased slightly to 272 nm 
after several days (Ushikubo et al., 2010). 
 
Figure 2-6. Nanobubble size distribution prepared by ultrasound in pure water (Cho et al., 
2005). 
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.  
Figure 2-7. Oxygen nanobubble size distribution generated by a nozzle (a) after stopping 
the gas introduction, (b) 1 day, (c) 3 days and (d) 6 days. The vertical 
bars represent the standard deviation of the replication data (Ushikubo et 
al., 2010). 
2.2. EFFECT OF NANOBUBBLES ON FROTH FLOTATION  
Froth flotation is a particle separation process that exploits the difference in surface 
hydrophobicity of different particles. Fundamental froth flotation principles are basically 
the same for all flotation machines. However there are differences in the design 
depending on the operational restrictions and the requirements for a given mineral. 
The recovery in flotation starts with the collision and adhesion of hydrophobic particles 
to the air bubbles followed by transportation of the hydrophobic particle-bubble 
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aggregate from the collection zone to the froth zone, drainage and enrichment of the 
froth, and finally by its overflow removal from the cell top, whereas hydrophilic particles 
remain in the pulp and are discharged as tailings. The success of effective particle 
separation by froth flotation relies on the efficient capture of hydrophobic particles by air 
bubbles in three steps, i.e. collision, attachment and detachment.   
2.2.1. Probability of Collision 
The probability of collision ( cP ) between a particle and a bubble is defined as the 
fraction of particles of the same size and density in the path of the rising bubble that 
actually colloid with it. It can be calculated from stream functions for quiescent 
conditions (Weber and Paddock, 1983; Yoon and Luttrell, 1989) and microturbulence 
models for well mixed conditions (Schubert and Bischofberger, 1979; Yoon, 2000). One 
of the mathematical models for cP  is shown in Equation (4) (Yoon and Luttrell, 1989; 
Yoon, 1993): 
2
72.0
15
Re4
2
3













b
p
c
D
D
P         (4) 
where 
bD  is the bubble size, pD  is the particle size and Re  is the Reynolds number of the 
bubble.   
When a bubble of radius bR  is rising in a slurry as shown in Figure 2-8, streamlines are 
generated by movement of the liquid around the bubble surface. The streamlines are 
characterized by a limiting radius cR  which is measured at infinite distance from the 
bubble surface. The particles within the limiting area of radius ( cR ) and limiting polar 
position of c  have the chance to colloid with the rising bubble. On the other hand, the 
particles outside the limiting area follow the streamlines around the bubble surface 
without touching the bubble. A particle with sufficient size and/or density may penetrate 
the streamlines and colloids with the bubble.  
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Figure 2-8. Particle-bubble collision in a liquid medium. 
Figure 2-9 and Figure 2-10 show the simulation results from Equation (4) by assuming 
that water density w =1000 kg/m
3, gas density g =1290 kg/m
3, particle diameter pD
=1200 µm, gravitational acceleration g = 9.81 m/s2, fluid viscosity w = 0.001 kg.s/m. , 
and bRe was estimated by using the gas slip velocity equations 
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Re
 . The results indicate that cP  increases with increasing particle size and 
decreasing bubble size.  Fine particles have a low probability of collision with bubbles 
and are thus difficult to catch by bubbles, particularly by large size bubbles.  This is the 
main reason for low flotation rate of fine particles.  Figure 2-10 shows that the collision 
probability of the fine particles can be enhanced by reducing the bubble diameter. 
 
Collision No 
 13 
 
 
Figure 2-9. Bubble-particle collision probability of 400, 600, 900 and 1200 micron coal 
particle diameter as a function of bubble diameter: Water density w
=1000 kg/m3, gas density g =1290 kg/m
3, particle diameter pD =1200 
µm, gravitational acceleration g = 9.81 m/s2, fluid viscosity w = 0.001 
kg.s/m. 
Atomic force microscopy (AFM) images show that the coalescence of nanobubbles as 
hydrophobic surfaces approach forms a gaseous capillary bridges, and thus a capillary 
force as illustrated in Figure 2-11 (Hampton and Nguyen, 2010). The resulting concave 
capillary bridge produces an attractive force that forces the two surfaces into contact.  
Nanobubble coated surfaces of very fine particles can lead to particle aggregation and 
more easily recovered due to an increased collision probability as illustrated in 
Figure 2-12. Thus nanobubbles increase the lower particle size flotation limitation by 
increasing the particle size of the fine and ultra-fine particles.  
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Figure 2-10. Bubble-particle collision probability of 500, 1000, 1500 and 2500 micron 
bubble diameter as a function of particle diameter: Water density w
=1000 kg/m3, gas density g =1290 kg/m
3, particle diameter pD =1200 
µm, gravitational acceleration g = 9.81 m/s2, fluid viscosity w = 0.001 
kg.s/m. 
 
Figure 2-11. Coalescence of nanobubbles as hydrophobic surfaces approach forms a 
gaseous capillary bridge, and thus a capillary attractive force (Hampton 
and Nguyen, 2010, Schubert, 2005) 
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Figure 2-12. Illustration of nanobubble coated surface of very fine particles and increased 
collision probability  
2.2.2. Probability of Attachment 
After collision at polar position of cr , the steps required for particle inside limiting cross 
section area of radius ( crR ) to become attached as illustrated in Figure 2-13 are (Albijanic 
et al., 2010): 
 Thinning of the intervening liquid film to a critical film thickness ( crh ); 
 Rupture of the intervening liquid film and formation of three-phase contact of 
some critical wetting radius ( crr ); 
 Expansion of the tpc line to form a stable wetting perimeter with certain 
penetration depth ( d ) depending on the particle hydrophobicity. 
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The time of thinning and rupturing of wetting thin films is referred to as the induction 
time ( it ), whereas the time of the attachment including the three steps is called the 
attachment time ( att ). Under normal conditions, the rupture time ( rt ) is not considered 
which is significantly shorter than both the induction time ( it ) and the time required the 
three-phase contact line to expand to establish a stable wetting perimeter ( tpct ). These 
four different time scales are described in Equation (5) (Albijanic et al., 2010). 
tpcriat tttt           (5) 
All the available predictions of the particle-bubble attachment in the literature are 
simplified by neglecting the last two time scales (Nguyen, Schulze and Ralston, 1997). 
The successful attachment occurs only when the induction time ( it ) is less than the sliding 
time (
st ) which is the time for the particle to slide on the bubble surface.  
The probability of attachment ( aP ) is related to the energy barrier for the bubble-particle 
adhesion iE  and the kinetic energy of collision kE  as shown in Equation (6) (Yoon and 
Luttrell, 1989; Mao and Yoon, 1997): 
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aP  can be calculated using Equation (7) (Yoon, 2000): 
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Equation (7) indicates that aP  decreases with increasing pD , suggesting that coarse 
particles are more difficult to attach to air bubbles. aP  increases with increasing particle 
hydrophobicity or decreasing induction time it ; aP  also increases with decreasing bubble 
rising velocity bU  and decreasing bubble size bD , meaning smaller bubble size is 
favorable for increasing probability of attachment (Ralston and Dukhin, 1999; Yoon 
2000). 
 
Figure 2-13. Illustration of particle-bubble attachment in a liquid medium (Albijanic et 
al., 2010; Nguyen, Ralston and Schulze, 1998). 
  
 18 
 
Yoon and Luttrell (1989) showed that aP  increases with decreasing induction time it  and 
decreasing particle size pD ; aP  also increases with decreasing bubble size until the 
bubble size becomes too small because the sliding distance becomes very small and thus 
the sliding time is smaller than induction time. Using a higher dosage of collector 
improves hydrophobicity and thus increases aP  but flotation operation cost increases and 
sometimes the selectivity and separation efficiency decrease. A better approach is to 
generate nanobubbles on solid surface to increase its hydrophobicity. 
Stockelhuber et al. (2004); Simonsen, Hansen, and Klosgen (2004) found that 
nanobubbles can cause the rupture of the wetting films between mineral particles and 
conventional-sized bubble which is a basic step in the flotation process. In the process of 
drainage of the wetting film, the largest nanobubble is almost as thick as the wetting film.  
Nanobubbles play no roles in rupture process as shown in Figure 2-14 when the thickness 
of thick film is greater than the height of bubbles. As the film thickness is close to the 
bubble height, the surface forces begin to act between the biggest nanobubble and film 
surface (Figure 2-15). It is noticed in Figure 2-15 that the rupture always happens at the 
biggest nanobubble, because the thinnest place is the weakest place to break at the same 
interaction force (Stockelhuber et al., 2004).  
 
Figure 2-14. AFM image: Wetting film with gas bubbles adhered to the solid substrate. 
For a large film thickness wh , where no rupture occurs, nanobubbles 
play no role in film behavior (Stockelhuber et al., 2004). 
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Figure 2-15. AFM image: Beginning of interaction between nanobubble and the surface 
of the wetting film. Film rupture occurs at a film thickness on the order 
of the biggest bubble height ( rupturew hh  ) (Stockelhuber et al., 2004). 
2.2.3. Probability of Detachment 
After collision and attachment, not all particles attached to air bubbles report to the froth 
phase. A portion detach from bubble surface and drop back into the pulp phase. 
Probability of detachment 
dP  is related to the energy barrier for the bubble-particle 
detachment '
iE , work of adhesion between bubble and particle aW  and kinetic energy of 
collision kE  in Equation (8) (Mao and Yoon, 1997): 
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Particle detachment occurs when detachment forces exceed the maximum adhesive 
forces. dP  can be calculated using Equation (9) (Tao, 2004): 
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Equation (8) shows that dP  increases with increasing particle size pD  and increasing 
bubble size bD . Therefore, coarse heavy and less hydrophobic particles are more likely to 
detach from large air bubbles and use of small bubbles will increase the flotation 
recovery of coarse particles as shown in Figure 2-16 and Figure 2-17. Assuming w
=1000 kg/m3, p =1350 kg/m
3 (coal) and 2650 (ash), d =60
o (coal) and 10o (ash), pD
=1200 µm, g = 9.81 m/s2,  = 0.0728 N/m3, the effects of bubble size and particle size 
on the particle detachment probability determined from Equation (9) for coal and ash 
particles can be simulated as shown in Figure 2-16 and Figure 2-17. 
 
Figure 2-16. Effect of bubble size and particle size on coal particle detachment 
probability: w =1000 kg/m
3, p =1350 kg/m
3 (coal), d =60
o (coal), 
pD =1200 µm, g = 9.81 m/s
2,  = 0.0728 N/m3. 
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Figure 2-17. Effect of bubble size and particle size on ash particle detachment 
probability: w =1000 kg/m
3, p =2650 kg/m
3 (ash), d =10
o (ash), pD
=1200 µm, g = 9.81 m/s2,  = 0.0728 N/m3 
2.2.4. Flotation Particle Size Limits 
A high froth flotation efficiency is limited to the narrow particle size range between 50 
µm and 600 µm for coal as shown in Figure 2-18 (Jowett, 1980).  The coarser the coal the 
harder it is to stay attached to the air bubble. A finer coal size will lead to a poor particle-
air bubble collision.     
Nanobubble coated fine particles will lead to particle aggregation and are thus more 
easily recovered due to an increased collision probability. In addition, nanobubbles can 
increase the particle hydrophobicity (Fan et al., 2010a; Fan, Zhao and Tao, 2012), and 
thus increase the bubble-particle attachment probability and decrease the detachment 
probability. Furthermore, nanobubbles expand the froth flotation particle size limit by 
enhancing the recovery of fine and relatively coarse particles as a result of increased 
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probabilities of particle-bubble collision and attachment and reduced probability of 
detachment (Fan et al., 2010b).  
 
Figure 2-18. Froth flotation particle size limitations (Jowett, 1980) 
The improvement by nanobubbles on the hard-to-float particles was more significant than 
that on the easy-to-float particles, especially at lower collector dosages (Fan et al., 
2010c). Tao (2004) found that nanobubbles can extend this size range to a lower limit of 
a few microns, even submicrons, and an upper limit of 1–2 mm, increasing the process 
efficiency for ultrafine and relatively coarse particles and expanding applications of 
flotation. 
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2.2.5. Froth Flotation Kinetics 
The froth flotation performance is dependent on rate constant ( k ), retention time ( ), 
and cell mixing (Peclet numberPe ).  
The retention time ( ) is the time required for the coal particle to stay in the slurry 
before reporting to the product and it can be determined by the ratio of the active volume 
of the flotation cell and the feed flow rate to the cell.  
Cell mixing ( Pe ) also affects flotation performance. The best performance can be 
obtained from a plug flow condition (column flotation) rather than a well-mixed 
condition (mechanical flotation).  
The froth flotation rate constant ( k ) indicates how fast the coal reports to the 
concentrate. Equation 10 indicates that the flotation rate constant is dependent on particle 
hydrophobicity, particle size, solids content, feed rate, froth depth, reagent type, reagent 
dosage, gas flow rate and bubble diameter (bubble generators) (Kennedy, 2008). The 
froth flotation first order rate constant ( k ) is given by Equations (10) and (11) (Yoon et 
al. 1989; Gorain, Franzidis and Manlapig, 1995 and 1997; Yoon and Mao, 1996; Deglon, 
Sawyerr and O’Connor, 1999; Heiskanen, 2000): 
 dac
b
g
PPP
D
V
k  1
2
3
         (10) 
 dacb PPPSk  1
4
1
         (11) 
where 
gV  is the superficial gas velocity, cP  is the probability of collection, aP  is the 
probability of attachment, dP  is the probability of detachment, bD  is the bubble diameter 
and bS  is the bubble surface area flux.  
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Improved flotation rates have been reported when nanobubbles co-exist with 
conventional-sized flotation bubbles (Zhou et al., 1997). Two factors that contribute to 
the increased flotation rate constant are: a) the nanobubbles formed on hydrophobic 
particles may cause agglomeration by a bubble-bridging mechanism, resulting in 
increased collision probability with the bubbles; b) particles frosted with nanobubbles 
may present a surface favorable to attachment to conventional sized bubbles. 
2.2.6. Froth Flotation Reagent Consumption 
Several chemical reagents are used to enhance the froth flotation performance. Collector 
is essential in froth flotation to increase the differential flotation rate between different 
particles. The most common types of collectors for coal flotation are diesel fuel, kerosene 
and fuel oil.   
The frother is required to create a froth capable of carrying the mineral to the float 
stream. The frother decreases the bubble size in the pulp by reducing the surface tension 
of water, thus increases the collision probability of the particles with the bubbles.   
Many studies have confirmed that nanobubbles generated by hydrodynamic cavitation 
selectively on the hydrophobic particles change the surface characteristics of minerals 
(Hampton and Nguyen, 2010), increase the differential flotation rate, increase contact 
angle of solids, hence attachment force (Fan et al., 2010b; Fan, Zhao and Tao, 2012), 
bridge fine particles to form aggregates having higher collision and attachment 
probabilities, minimize slime coating, remove oxidation layers on particle surfaces, and 
in consequence reduce reagent consumption (Fan and Tao, 2008; Zhou et al., 1997).  
2.2.7. Flotation Froth Phase 
During flotation, the hydrophobic particles in the slurry are captured selectively by air 
bubbles and then carried to the top of the slurry zone where they form a froth layer. The 
froth is collected as it flows over the top of the vessel. Unlike the collection slurry phase, 
froth phase at the top has quite different behavior. As the bubbles rise, liquid drains back 
 25 
 
continuously, decreasing liquid fraction and increasing bubble size with increasing the 
froth height. In a typical froth, the upper layer can be quite dry while the lower level is 
wet. If wash water is added, which is a commonly used procedure to reject gangue 
minerals, it wets the froth. The froth phase is therefore an important part of the flotation 
process as it further refines the concentrate produced and determines the final recovery. 
Bubbles that may have been spherical in shape at the pulp–froth interface become highly 
distorted in the froth, appearing as polyhedral cells whose surfaces are formed by thin 
liquid films as shown in Figure 2-19. As the liquid films separating the bubbles become 
thinner, coalescence of the bubbles occurs. Upon coalescence, particles detach from the 
bubbles and drop back from the froth zone back into the pulp zone as a result of reduction 
in bubble surface area and lack of sufficient surface area, as shown in Figure 2-20.  
 
Figure 2-19. Bubbles appearing as polyhedral cells in column froth zone separated by 
liquid films. 
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Figure 2-20. Images of detached particles following the coalescence of bubble pairs in 
various cetyl trimethyl ammonium bromide “CTAB” concentrations:   
(a) 2.74×10-5 M; (b) 5.49×10-4 M; (c) 1.65×10-3 M (Ata, 2009) 
The froth stability is depending not only on the frother type and concentration but also on 
the particles, associated chemicals and nanobubbles in the froth flotation system. The 
maximum froth stability is attained when froth contains particles with moderate surface 
hydrophobicity which are capable of forming stable bridges across the foam film as 
shown in Figure 2-21A, increasing the rigidity of the froth structure (Johansson and 
Pugh, 1992; Aveyard et al., 1994; Dippenaar, 1982). Highly hydrophobic and/or irregular 
particles destabilize froth as a result of the thinning and rupturing of the inter-bubble 
liquid bridged by the particle (Figure 2-21B).  
Furthermore, if the contact angle is less than a critical degree of wetting at which liquid 
film separating bubbles ruptures, a stable orientation will be attained and the life of the 
film will be prolonged.  But in the case where the bridging particle has a contact angle 
more than the critical degree of wetting, the particle will easily dewet through both sides 
of the lamella, resulting in the film rupture. The critical degree of contact angle at which 
film failure occurs depends on particle size, shape, the number of particles and the 
separation distance between the particles in the film (Aveyard et al., 1994; Dippenaar, 
1982).  
In practice, froth destabilization is often caused by using an excessive amount of collector 
and this is generally reflected in froth dryness and immobility, the factors that 
significantly affect the mass flow rate of solids flowing over the cell lip (Ata, 2012). The 
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coalescence time (the time required for the two bubbles to merge) was found to increase 
with the bubble surface coverage and the bubbles appeared to have more resistance to 
coalescence at all surface coverage when both are loaded (Ata, 2012).  
 
Figure 2-21. Bridging particle behavior in a foam (A) Moderately hydrophobic (B) highly 
hydrophobic particle (Aveyard et al., 1994). 
Particles with low degree of hydrophobicity corresponding to a contact angle of less than 
40o were found to stream out into the lamella and did not contribute to the stability of the 
froth film (Dippenaar, 1982; Ata, Ahmed and Jameson, 2003). Particles with a strong 
level of floatability exhibit the highest flotation recovery probably as a result of particle 
reattachment in the froth. Thus, high bubble coalescence rate in the froth zone is not 
necessarily associated with low flotation recovery (Ata, Ahmed and Jameson, 2003).  The 
entrained solids in the froth considerably reduce bubble coalescence, probably by 
increasing the slurry viscosity between the bubble films, reducing the drainage rate of 
liquid films, and possibly by mechanical blocking (Ata, Ahmed and Jameson, 2003).  
Selectivity and recovery of coarse particles decrease with increasing froth height. 
Transferring of particles from the collection zone to the froth zone in a flotation column 
decreases drastically with increasing particle size. Higher flotation recovery of coarse 
particles can be achieved by use of nanobubbles and high air holdup (Wiegel and 
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Lawver, 1986; Contini, Wilson and Dobby, 1988; Tao, 2004; Tao, Luttrell and Yoon, 
2000).  Furthermore, large bubbles deform and form a typical foam polyhedral structure 
while nanobubbles created via hydrodynamic cavitation can move freely in the froth 
films and in Gibbs Plateau borders, behaving as particle dispersions as shown in 
Figure 2-22 (Raut et al., 2012) to stabilize the froth zone. 
 
Figure 2-22. Images of co-existence of large (>100 mm) and small bubbles (<10 mm) in 
froth zone (Raut et al., 2012). 
2.3. ATOMIC FORCE MICROSCOPY STUDIES OF NANOBUBBLES  
2.3.1. Nanobubble at Solid-Liquid Interface 
The formation, stability, density and shape of gaseous nanobubbles accumulated at the 
hydrophobic surface-liquid interface has been studied extensively by atomic force 
microscopy (AFM). 
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Changing the temperature is one of the important physical and chemical factors that have 
been linked to the generation process of nanobubbles at the solid-water interface.  
Increasing the temperature of water reduces the gas solubility and heat diffusion, which is 
larger than gas diffusion. Thus, water becomes oversaturated with air, and that favors the 
formation of the nanobubbles at the solid-water interface as shown in Figure 2-23 (Yang 
et al., 2007; Zhang et al., 2004). Yang et al (2007) and Zhang et al. (2004) found that 
when the temperature increased to 30 oC, the nanobubbles density increased very slowly 
and increased sharply when the temperature increased further.  It is noticed that the 
nanobubbles do not disappear when the water cools down to ambient conditions and they 
are remarkably stable.  
 
Figure 2-23.  Tapping mode AFM topography images at diffrent water temperature in 
interval of 5 oC from 20 oC (a) to 40 oC (e). (f) the nanobubbles density 
as a function of water temperature (Yang et al., 2007).  
Alcohol-water exchange is another method to generate the nanobubbles at the solid-liquid 
interface. In pure alcohol, there are hardly any nanobubbles formed at the solid-liquid 
interface as a result of the high solubility of the air in the alcohol. However, flushing 
away the alcohol with water increased sharply the density of the nanobubbles as shown in 
Figure 2-24 and Figure 2-25. The formation of the nanobubbles is stimulated when the 
substrate is first immersed in alcohol which is then flushed away by water (Zang, Maeda 
and Craig, 2006; Zhang et al., 2004; Agrawal and Mckinley, 2006; Yang et al., 2007). In 
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terms of nanobubble density, ethanol gives better results than propanol as a result of the 
large gas solubility in the ethanol more than the propanol. Also, the higher exothermic 
mixing of the ethanol and water increase the liquid temperature which increases the 
nanobubble density (Yang et al., 2007). 
 
Figure 2-24. Tapping mode AFM topography images substrate immersed in (a) propanol, 
(b) water after propanol, (c) ethanol, (d) water after ethanol (Yang et al., 
2007). 
 
Figure 2-25. Tapping mode AFM topography images of the hydrophobic surface in water 
before (a) and after (b) ethanol-water exchange (Zhang et al., 2006a). 
Water electrolysis can be used as an alternative method to generate surface nanobubbles 
(Zhang et al., 2006b; Yang et al., 2009).  Hydrogen (oxygen) nanobubbles are produced 
at hydrophobic surface-water interface when the surface acts as a negative (positive) 
electrode. The formation, growth and size of the nanobubbles can be controlled by tuning 
either the applied voltage or the reaction time (Zhang et al., 2006b).  Figure 2-26 shows 
that the hydrogen nanobubbles produce at the solid-water interface with varying density 
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at different voltage when the solid surface is the cathode.  The nanobubbles formation 
increases significantly with increasing the voltage from 1.5 to 2 V.  Figure 2-26e 
confirms that the nanobubbles remain stable even when the voltage has been turned off 
from 2.5 V.  At a higher voltage the nanobubbles covers the whole surface with larger 
individual size (Figure 2-26f-h) (Yang et al., 2009). 
 
Figure 2-26. Tapping mode AFM topography images of the hydrophobic surface as the 
cathode at different voltages: (a) 1 V, (b) 1.5 V, (c) 2, (d) 2.5 V, (e) 0 V, 
(f) 3 V, (g) 3.5, (h) 4 V.  Nanobubble height range: (a,b) 42 nm, (c-e) 
50.6 nm, (g,h) 115.5 nm (Yang et al., 2009).  
Figure 2-27 shows that the oxygen nanobubbles produced at the solid-water interface 
with varying density at different voltage when the solid surface is the anode. It was 
noticed that the numbers of oxygen nanobubbles produced (Figure 2-27) is much smaller 
than the that of hydrogen nanobubbles (Figure 2-26) which is due to the solubility of the 
oxygen in water is approximately two times the solubility of the hydrogen as well as the 
production rate during the electrolysis process, H2:O2 = 2:1.  
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Figure 2-27. Tapping mode AFM topography images of the hydrophobic surface as the 
anode at different voltages: (a) 1 V, (b) 1.5 V, (c) 2, (d) 2.5 V, (e) 3 V, 
(f) 3.5 V, (g) 4.  Nanobubble height range: (a) 12 nm, (b-e) 35 nm (Yang 
et al., 2009). 
The nanobubbles are nanoscopic in height with a large radius of curvature, which creates 
a very large nanoscopic contact angle (Figure 2-28). The nanoscopic contact angle is 
defined as the angle subtended by the liquid phase at the solid surface adjacent to the 
nanobubble.  The nanoscopic contact angle is more than twice the measured macroscopic 
contact angle of a water droplet deposited on the same surface as illustrated in 
Figure 2-29 (Borkent et al., 2010, Walczyk, Schon and Schonherr, 2013). The three-
phase line of the nanobubbles is usually circular but some irregular shaped (non-circular) 
has been reported as a result of the types of the hydrophobic surfaces such as 
octadecyltrichlorosilane (OTS) silicon and highly ordered pyrolytic graphite (HOPG) 
(Zhang et al., 2006a). 
 33 
 
 
Figure 2-28. AFM image of a nanobubble (A) with a schematic cross-section (B) 
(Walczyk, Schon and Schonherr, 2013) 
 
Figure 2-29. Illustration of the difference between the nanoscopic contact angle and 
macroscopic contact angle (Zhang et al., 2006a). 
2.3.2. Nanobubble Effect on Hydrophobic Solid Surfaces Interaction 
The interaction between the hydrophobic surfaces has long fascinated many researchers. 
Many studies for several years have failed to successfully explain and clarify the origin of 
the strong interaction, which depends on the hydrophobic surfaces employed to measure 
the force (Ishida, Kusaka and Ushijima, 2012). It is recently clear that in many cases the 
hydrophobic attractive force measured was due to the presence of nanobubbles at the 
hydrophobic solid–liquid interface (Hampton and Nguyen, 2010). Thus, what was 
thought to be a hydrophobic force was actually a capillary bridging force resulting from 
the gaseous bridging formed from nanobubbles coalescence (Hampton and Nguyen, 
2010). Recent studies found that there are two types of hydrophobic force, a short range 
B A 
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(< 20 nm) reproducible force and a long range (up to 500 nm) variable force 
(Figure 2-30) (Hampton, Donose and Nguyen, 2008; Ishida, Kusaka and Ushijima, 2012).     
 
Figure 2-30. Hydrophobic attraction between hydrophobic surfaces in presence and 
absence of nanobubbles (Ishida, Kusaka and Ushijima, 2012). 
Ishida, Kusaka and Ushijima (2012) found that nanobubbles are responsible for the long-
range attractive force. On the other hand, in absence of nanobubbles the short-range 
force, which is stronger than the van der Waals force, is the true hydrophobic force as 
shown in Figure 2-31 (Ishida, Kusaka and Ushijima, 2012). 
The type of alcohol used in the solvent exchange impacts the range of the force, with 1-
propanol exchange showing the longest-range force followed by ethanol and methanol as 
shown in Figure 2-32 (Hampton, Donose and Nguyen, 2008). In addition, an increase in 
the height or the volume of the nanobubbles results in a nanobubble interaction at larger 
separation distances between the hydrophobic surfaces, thus the interaction between 
surfaces treated with 1-propanol will be larger than with methanol, as supported by the 
force curves in Figure 2-32 (Hampton, Donose and Nguyen, 2008).  
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Figure 2-31. The van der Walls force and the hydrophobic attractive force between 
hydrophobized glass spheres in water at two different condition. One 
created a short-range (true) hydrophobic force and another produced a 
long-range nanobubbles bridging force (Hampton, Donose and Nguyen, 
2008). 
 
Figure 2-32. Long range hydrophobic force in presence of nanobubbles generated by 
different alcohol solvents-water exchange (Hampton, Donose and 
Nguyen, 2008).  
Bridging Force 
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2.3.3. Nanobubble and the Regular Bubble – Particle Interaction 
The attachment of a hydrophobic particle to air bubble in aqueous solution plays a vital 
role in froth flotation.  
Figure 2-33 shows the particle –bubble interaction process in presence of nanobubbles. 
Stöckelhuber et al. (2004) found that as the particle approaches the bubble surface, the 
nanobubbles rupture the aqueous wetting film between the particle and the bubble 
surfaces. Stöckelhuber et al. (2004) also explained how the subprocesses of this rupture 
mechanism take place: During the drainage of the wetting film, the apex of the largest 
nanobubble gets closer to the bubble surface where surface forces are acting. A foam film 
is formed and in this foam film different Derjaguin-Landau-Verwey-Overbeek (DLVO) 
forces are acting than in the surrounding wetting film. In the wetting film, all DLVO 
forces are repulsive, whereas in the foam film the van der Walls force becomes attractive 
(Figure 2-34). Then the DLVO forces at the apex of the largest nanobubbles deform the 
water film surfaces, which creates an additional capillary pressure that destabilizes the 
foam film and leads to rupture of the foam film. Nanobubbles near the hydrophobic 
surfaces change the van der Waals interaction from repulsive into attractive.  Figure 2-34 
shows that the interaction between the particles and the bubble greatly depends on the 
size of the nanobubbles or gas segments along the particle surfaces (Mishchuk, 2004). 
 
Figure 2-33. Hydrophobic particle - bubble interaction in the presence of nanobubbles 
(Stöckelhuber et al., 2004). 
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Figure 2-34. Van der Waals forces for particle/bubble interaction: (1) without gas (2) in 
the presence of a single nanobubbles with radius 50 nm, (3) in the 
presence of layer of gas segments with thickness 50 nm, (4) in the 
presence of homogeneous layer of gas segments with thickness 50 nm, 
(5) In the case when the particle is replaced with an air bubble 
(Mishchuk, 2004).  
Copyright © Ahmed Sobhy Sayed-Ahmed 2013 
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CHAPTER 3. EXPERIMENTAL WORK 
The following tasks were performed to achieve the above stated objectives. 
3.1. SAMPLE ACQUISITION AND CHARACTERIZATION 
A total of four 55-gallon drums of coal slurry were acquired from a mine in Illinois. 
Upon arrival at the lab, the slurry was thoroughly mixed and then split into 5 gallon 
buckets and sealed for storage and later usage. A representative sample was collected for 
detailed characterization study. 
3.1.1. Size, Ash and Sulfur Distribution Analysis  
The particle size distribution of the coal sample was measured by wet sieve analysis 
using the following U.S. standard sieves: 300, 150, 75, 45 and 25 µm. The different size 
fractions were filtered, dried, and weighed. 
Different size fractions were analyzed for ash content by using LECO TGA-701 
(Figure 3-1) and for sulfur content by using LECO S632 sulfur analyzer (Figure 3-2).  
 
Figure 3-1. LECO Thermogravimetric analyzer (LECO TGA-701). 
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3.1.2. Proximate Analysis  
A proximate analysis for each size fraction of the coal sample was determined by 
conducting experiments using LECO thermogravimetric analyzer (LECO TGA-701) 
(Figure 3-1). TGA-701 complies with ASTM D 3172 – 89 R02 standard methodology 
used for the determination of moisture, volatile matter, and ash and the calculation of 
fixed carbon on coals samples. 
 
Figure 3-2. LECO S632 sulfur analyzer 
3.1.3. Flotation Release Analysis  
The flotation release analysis illustrated in Figure 3-3 is a procedure used to obtain the 
best possible separation performance achievable by any froth flotation process, which is 
analogous to the gravity-based washability analysis. The release analysis was carried out 
in a conventional laboratory flotation cell and its data was used as a yardstick for 
performance evaluation of the nanobubble flotation technology. 
The first stage of the release analysis separates the hydrophobic material away from the 
hydrophilic material by doing multiple cleaning phases for the original coal feed slurry. 
The second stage has the goal of separating particles into fractions of different degrees of 
surface hydrophobicity by controlling air flow rate and rotator revolutions per minute 
under starvation reagent conditions. 
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Figure 3-3. Flotation release analysis method using a laboratory conventional Denver 
flotation cell. 
3.1.4. Flotation Kinetic Tests  
Kinetic flotation tests were conducted to show the effect of nanobubbles on flotation rate 
constants. The flotation performance data from these tests in the presence and absence of 
nanobubbles by conducting Denver batch flotation cell were compared to the release 
analysis data for a better understanding of effects of nanobubbles. 
3.1.5. Zeta Potential of Coal Particles 
A fine clean coal (4.5% ash) was obtained from release analysis test of the flotation feed. 
The sample was thoroughly washed with deionized water and dried in an oven at 100oC 
for 3 hours. Fuel oil as a collector and MIBC as a frother from Fisher Scientific were 
used as received.  Reagent grade HCl and NaOH were used for pH adjustment. Pure KCl 
was used as supporting electrolytes for zeta potential measurements. All the experiments 
 41 
 
were taken place in deionized water at different collector dosage and different frother 
concentration. The nanobubbles were generated by conduction an ultrasonic for 5 
minutes to measure he zeta potential in presence of the nanobubbles.   
 
Figure 3-4. ZetaPlus zeta potential analyzer 
A suspension of 0.05-0.1 g of fine pure coal sample was prepared in the 1 mM KCl 
solution. The sample was added to 80 ml deionized water in a 100 ml ground flask. KCl 
was added to produce 1 mM. NaOH and HCl were used to adjust the pH value to a 
certain value between 2 and 12. The flask was filled with deionized water to the mark to 
produce the final volume of 100 ml suspension. The suspension was agitated for 15 
minutes. After settling for 10 min, the upper portion of the dilute fine particles suspension 
was taken for zeta potential measurement. Zeta potential measurement was carried out 
using a ZetaPlus (Model 21401, Brookhaven Instruments Co., Holtsville, New York) 
(Figure 3-4). At least five measurements of zeta potential were carried out for the mean 
value. Slurry with a high zeta potential (negative or positive) is electrically stabilized 
while slurry with a low zeta potential tends to coagulate or flocculate. 
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3.2. SPECIALLY DESIGNED LABORATORY FLOTATION COLUMN  
3.2.1. Design and Fabrication of a Laboratory Flotation Column  
A flotation column made of Plexiglas with a 5.08 cm diameter and 2.4 m adjustable 
height was featured with a Venturi cavitation tube and a static mixer to generate 
nanobubbles and conventional sized bubbles (microbubbles), respectively as shown in 
Figure 3-5.   
The typical lengths of collection and froth zones used in the tests were 210 cm and 30 
cm, respectively. With a diameter of 5.08 cm, the length-to-diameter ratio of the column 
was around 41:1, which provided near plug-flow conditions. Wash water was added in 
the froth zone at a depth of 1/3 of the froth zone height below the overflow lip. Feed 
slurry enters the column in the upper pulp zone, 45 cm below the overflow lip. 
The bottom of the froth flotation column was specially designed as two concentric 
cyclones with one tangential inlet. The outer cyclone was utilized to reject the heavier, 
coarser, and hydrophilic ash particles from the bottom to the tailing stream. The inner 
cyclone underflow stream, which consists of the unrecovered hydrophobic coal particles, 
was recycled and pumped through the static mixer and/or the cavitation tube for further 
recovery. The hydrophobic particle/bubble aggregates were move inward and upward in 
the column due to their lower effective density and overflow into the flotation column 
concentrate. 
The total recycling flow rate of slurry through the static mixer is 11 L/min, which splits at 
a two-way connector into the cavitation tube and a pipe. As a result, the flow rate 
distribution (flow rate in cavitation tube/total flow rate in static mixer) can be adjusted to 
be 6.6 L/11.0 L = 60% (with nanobubble) or 0 L/11.0 L = 0% (without nanobubble).  
A microprocessor (Series 2600 Love Controls) receives signals from a pressure 
transducer located at the bottom of the column. The signal adjusts a Miniflex pinch valve 
that controls the underflow flow rate and the desired froth level. 
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Figure 3-5. Specially designed flotation column with two concentric cyclones 
3.2.2. Specially Designed Column Flotation Experiments  
Column flotation experiments were performed to demonstrate the effectiveness of 
nanobubble flotation technology. Major process parameters such as feed size distribution, 
superficial gas velocity, superficial feed flow rate, superficial wash water flow rate, 
collector dosage, frother dosage, etc. were examined individually to investigate their 
effects on flotation performance in the presence or absence of nanobubbles with the 
specially designed column.  
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Prior to each test, the feed slurry was conditioned for 5 min with fuel oil to enhance the 
hydrophobicity of coal particle surfaces.  Conditioning was conducted in a sump that was 
equipped with a mixer and four baffles placed vertically and separated by an equal 
distance along the circumference of the sump. The slurry was fed from a feed tank, which 
utilized a recirculating line to ensure suspension of all solids, to the flotation column by a 
peristaltic pump at a predetermined rate. Frother was pumped into the feed stream while 
air was injected into the stream prior to the static mixer. Unless otherwise specified, all 
column flotation tests were performed under the following conditions: froth depth of 30 
cm; superficial gas flow rate of 0.5 cm/s; fuel oil collector dosage of 0.49 kg/ton; MIBC 
frother concentration of 30 ppm; superficial wash water flow rate of 0.12 cm/s; 
superficial feed slurry flow rate of 0.5 cm/s; as-received feed slurry solids concentration 
of 7%. A period of time equivalent to three particle retention times was allowed to 
achieve steady-state conditions. After reaching the steady state, samples of feed, product, 
and tailing streams were collected simultaneously. These samples were filtered, dried, 
weighed, and analyzed for ash content.   
3.2.3. A Size-By-Size Analysis  
A size-by-size analysis of the flotation concentrate and tailings was conducted to 
determine flotation recovery and separation efficiency for each size fraction.  The data 
from this analysis were used to demonstrate how the nanobubbles affect the flotation 
recovery and separation efficiency of different particle sizes, which can be further used 
for process simulation and performance prediction for different coal samples. 
3.3. MECHANICAL FLOTATION EXPERIMENTS 
Flotation experiments were conducted with a bank of three 10-liters mechanical cells as 
shown in Figure 3-6 to assess the impact of use of nanobubbles in a mechanical flotation 
process on coal separation performance at different operating variables. The most 
significant operation parameters such as collector dosage, frother concentration, feed 
flow rate, flow rate to nanobubble generator and feed solid concentration were studied 
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individually. During the tests with nanobubbles, part of the slurry in the third flotation 
cell was pumped through a nanobubble generator with 3 mm inner neck diameter and 12 
mm inner pipe diameter, and then fed back to the first flotation cell. The nanobubbles 
generated selectively on the hydrophobic particles enhance the flotation separation 
efficiency as explained earlier. 
 
Figure 3-6. Front and back views of a bank of three 10-liters mechanical flotation cells 
3.4. FUNDAMENTAL CHARACTERIZATION OF NANOBUBBLES  
3.4.1. Nanobubble Formation, Size Distribution and Stability  
Nanobubbles were generated in deionized water from dissolved gas by using a special 
designed apparatus as illustrated in Figure 3-7. In this system, the water with 10 ppm 
MIBC frother was pumped and circulated through a cavitation tube for about 5 minutes at 
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the room temperature. The hydrodynamic cavitation process led to the nucleation of the 
nanobubbles in the water.  
The bubbles size distribution was measure using a Cilas 1064 laser particle size analyzer. 
The range of the size that can be detected is from 0.04 µm to 500 µm. The sampling 
system for measuring the size distribution of the bubbles is illustrated in Figure 3-7. The 
bubble size distribution was replicated at least three times before stopping the nanobubble 
generation process.  
 
Figure 3-7. Schematic diagram of nanobubbles formation and characterization. 
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To estimate the stability of the nanobubbles in the liquid, the bubble size distribution was 
measured as a function of the time for at least 20 minutes after stopping the generation 
process of the nanobubbles.  
3.5. FUNDAMENTAL STUDIES OF ROLE OF NANOBUBBLES  
The fundamental studies of the particle-bubble interaction, flotation froth stability, and 
surface area flux were carried out with “ballontini” glass spheres acquired from Grainger. 
These spherical particles were microscopically smooth and perfectly hydrophilic with 
diameter of 110-180 µm. Hydrophobicity of the particles was controlled precisely by a 
silanation process (Blake and Ralson, 1985; Johansson, Pugh and Alexandrova, 2000; 
Koh et al., 2009).  
A 10 kg sample was treated with acid (2.5% v/v H2SO4) for 15 minutes at 60 
oC. The 
sample was washed with de-ionized water. The sample was treated again with alkali 
(2.5% w/v NaOH) and washed with de-ionized water. A 20% w/w glass sphere slurry 
with de-ionized water in 5 L glass bottle was rolled gently at 180 rpm for 24 hours using 
a roller mill. The sample was then rinsed with ethanol and dried at 110 oC in an oven 
overnight.  
Sub-samples (1.2 kg) of the glass spheres were hydrophobized under different conditions. 
Analytical grade trimethylchlorosillane (TMCS) and cyclohexane were purchased from 
Aldrich and used as received without further purification. The sub-samples were treated 
by partial methylation with TMCS to achieve different degree of hydrophobicity. The 
sub-samples (1.2 kg) with 1 L of diluted TMCS in cyclohexane (less than 5%) in a 5 L 
glass bottle were rolled gently (180 rpm) for 24 h for the following reaction to occur 
(Koh et al., 2009): 
)()()()()()( 3333 VapourHClSurfaceCHSiOSiTMCSSiClCHSurfaceOHSi   
The slurry was then filtered and rinsed with toluene.  The filter cake was tried at 110 oC 
in an oven overnight.   
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The equilibrium contact angle of the prepared hydrophobic glass spheres were measured 
by microscopic technique using a pendant drop (Figure 3-8). Solid particles were placed 
in de-ionized water and left for 1 h to reach the equilibrium state.  Then a small tube with 
a radius of 2 mm was dipped into the suspension. The tube was then pulled out to form a 
pendant drop and the glass spheres were left to settle on the lower liquid-air interface 
where they produce a three-phase contact.  A microscope was used to observe the settled 
particle at the most convex part of the pendant drop in the tube. The equilibrium receding 
contact angle of the particles was estimated according to this formula ( sin/ DDTPC ), 
where 
TPCD  is the stable diameter of the wetting perimeter and D  is the particle diameter 
(Johansson, Pugh and Alexandrova, 2000). 
 
Figure 3-8. Illustration of a microscopic technique using a pendant drop to measure the 
equilibrium contact angle of the prepared hydrophobic glass spheres 
(Johansson, Pugh and Alexandrova, 2000).  
3.5.1. Particle-Bubble Interaction  
A particle-bubble interaction plays a vital role in froth flotation, which is widely used in 
the recovery of the valuable minerals from gangue minerals. In froth flotation, the 
bubbles capture and carry the hydrophobic particles selectively to the product stream. 
There are several significant factors controlling particle-bubble interaction such as bubble 
diameter, particle diameter, particle density and particle hydrophobicity. In addition to 
that, this fundamental analysis has shown that nanobubbles generated on particle surface 
enhance the particle-bubble interaction process and therefore the froth flotation efficiency 
(Mishchuk, Ralston and Fomasiero, 2006).  
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The bubble-particle interaction was observed by conducting a high-speed (1200 fps) 
video microscope technique on a system in which 110-180 µm glass spheres of different 
hydrophobicity were dropped freely onto a 1.0-1.4 mm bubble formed in water within a 
glass cell as shown in Figure 3-9. A Tracker 4.80 software, which is a video analysis and 
modeling tool, was used to analyze the data of the particle-bubble interaction. The radial 
distance between the particle and the bubble was plotted as a function of time and polar 
position and the angular speed as a function of polar position. 
 
Figure 3-9. Schematic showing a design of particle-bubble interaction method in 
deionized water with and without nanobubbles on the particle surface 
and particles trajectory around a bubble surface. 
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To study effects of nanobubbles, particles were introduced into a small beaker of ethanol 
to be replaced with deionized water to generate nanobubbles on the particles surfaces 
prior the experimentation. 
During experiments it was observed that some particles showed sudden jumping-in 
actions toward the bubble after a period of sliding, and were subsequently found to have 
attached to the air bubble. This jump is interpreted as a result of water film rupture. The 
induction times determined at the jump were estimated.  
The experimental configuration described above is suitable for the task of observing 
attachment and estimating induction time (Verrelli, Koh and Nguyen, 2011) while the 
Hallimond tube flotation tests allow only efficiencies or probabilities to be calculated, but 
do not permit direct estimation of sliding time or induction time. 
3.5.2. Flotation Froth Stability 
Froth stability plays an important role in determine the mineral quality and recovery 
accomplished by a froth flotation process. There is no specific criterion to estimate froth 
stability although a number of parameters are used as indicators for froth stability such as 
Sauter-mean bubble diameter. Froth stability is dependent not only on the frother type 
and concentration but also on the particle characteristics, associated chemicals and 
nanobubbles. Bubble coalescence is governed not only by film thinning or gravity 
drainage but also by particles.  
Bubbles size distribution was measured by a photographic technique at different froth 
depth in the froth zone after the concentrate reached a steady state in the absence and 
presence of nanobubbles to better understand how nanobubbles enhance froth flotation of 
particles with different degree of hydrophobicity.  
A high speed camera with micro-lens illustrated in Figure 3-10 was used. Marked 
distances on the column wall in the field of view of the camera were used so that the 
bubble size could be estimated. About five images per run were captured and transferred 
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to a computer and approximately 100 bubbles were used for size measurements in each 
case by using suitable imaging software such as Digimizer, which is a flexible imaging 
analysis software package that allows precise manual measurements of the size of the 
bubbles.  
Five degrees of hydrophobicity were investigated, i.e. very strong, strong, intermediate, 
weak and very weak corresponding to a contact angle of 110o, 85o, 70o, 50o, 20o, 
respectively.  The experiments were conducted using a specially designed flotation 
column at 0.36 cm/s superficial gas velocity; 0.88 cm/s superficial slurry feed velocity; 
0.58 cm/s superficial wash water velocity; 30 mm froth depth; 30 ppm MIBC frother 
concentration; 5% solids concentration and 12 L/min slurry recycling rate through static 
mixer. With nanobubbles, 60% of the slurry ejecting from the static mixer flows through 
the cavitation tube. 
 
Figure 3-10. Bubbles size measurement and bubbles coalescence in flotation froth. 
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Bubble coalescence or bubble stability was studied in terms of the Sauter-mean bubble 
diameter which is used as a representative size for the bubble size distribution in the froth 
zone. The Sauter-mean bubble diameter (
32d ) is defined as the volume-to-surface mean 
bubble diameter as shown in Equation (12):  

 2
3
32
ii
ii
dn
dn
d          (12) 
where in  is the number of bubbles with diameter id .  
Variation of bubble size distribution and Sauter-mean bubble diameter as a function of 
column height in froth zone for glass spheres of various degree of hydrophobicity in the 
presence and absence of nanobubbles was evaluated and plotted.  
3.5.3. Surface Area Flux 
The surface area of conventional sized bubbles in the flotation slurry was measured to 
quantify the impact of nanobubbles on the total bubble area flux bS  which is formally 
defined as the surface area of bubbles per unit cross sectional area of flotation cell per 
unit time as illustrated in Figure 3-11. The bS  is the available bubble area for 
transporting particles to the product.  
 
Figure 3-11. Bubble surface area flux schematic derivation diagram (Zhang, 2009). 
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 From superficial gas flow rate gV  and bubble size bD  data in froth zone, the bubble 
surface area flux was plotted as a function of the distance from the pulp-froth interface 
where (
b
g
b
D
V
S 6 ).  
3.6. ECONOMIC EVALUATION OF NANOBUBBLE ENHANCED COAL 
FLOTATION 
A detailed technical performance and economic feasibility evaluation was performed 
using the data generated from sections 3.2 and 3.3.  Feed throughput, product ash, yield, 
combustible recovery, separation efficiency, capital and operating costs were used to 
perform evaluation.   
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CHAPTER 4. EXPERIMENTAL RESULTS, OBSERVATIONS & 
DISCUSSIONS 
4.1. SAMPLE CHARACTERIZATION 
4.1.1. Particle Size, Ash and Sulfur Distribution 
The ash and sulfur contents for each size fraction of the coal sample are shown in 
Table 4.1 and Figure 4-1. It can be clearly seen that ash content of the sample decreases 
as the particle size increases.  Figure 4-1 indicates that the majority of coal particles 
(about 82.97%) were smaller than 150 µm and 40.70% of coal particles were smaller than 
25 µm.  The overall feed ash content was 38.51%. In addition, the sulfur content 
decreases as the particle size increases.  
Table 4.1. Size analysis data for tested coal sample. 
Particle size 
(µm) 
Elemental Cumulative Passing Cumulative Retained  
Wt 
(%) 
Ash 
(%) 
Sulfur 
(%) 
Wt. 
(%) 
Ash 
(%) 
Sulfur 
(%) 
Wt. 
(%) 
Ash 
(%) 
Sulfur 
(%) 
+300 1.58 4.62 2.39 100.00 38.51 2.99 1.58 4.62 2.39 
-300+150 15.44 5.97 2.47 98.42 39.05 3.00 17.03 5.84 2.46 
-150+75 19.96 9.78 2.65 82.97 45.21 3.10 36.99 7.97 2.56 
-75+45 16.59 24.19 3.58 63.01 56.43 3.25 53.58 12.99 2.88 
-45+25 5.72 33.05 4.23 46.42 67.96 3.13 59.30 14.93 3.01 
-25 40.70 72.87 2.97 40.70 72.87 2.97 100.00 38.51 2.99 
Total 100.00 38.51 2.99       
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Figure 4-1.  Particle size, ash and sulfur distribution of tested coal sample. 
4.1.2. Proximate Analysis 
The proximate analysis for each size fraction of the feed coal sample is shown in 
Table 4.2.  The moisture, ash, volatile matter and fixed carbon contents of the sample 
decrease as the particle size increases. This is the result of the concentration of fine clay 
particles in smaller size ranges.   
Table 4.2. Proximate analysis of different size fractions of feed coal sample 
Particle size 
(µm) 
Wt 
(%) 
Moisture 
(%) 
Ash 
(%) 
Volatile Matter 
(%) 
Fixed Carbon 
(%) 
+300 1.58 3.51 4.62 35.72 56.15 
-300+150 15.44 3.57 5.97 34.87 55.59 
-150+75 19.96 3.34 9.78 33.18 53.70 
-75+45 16.59 2.80 24.19 29.42 43.59 
-45+25 5.72 2.48 33.05 25.19 39.28 
-25 40.70 1.87 72.87 12.93 12.33 
Total 100.00 2.64 38.51 24.16 34.69 
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4.1.3. Flotation Release Analysis 
Figure 4-2 shows the flotation product ash of the coal sample versus the combustible 
recovery and product yield. Figure 4-3 shows the ash rejection versus the combustible 
recovery. It can be seen from the figure that at the product ash content of 7.7% the 
product yield is 61.64%. The flotation combustible recovery and ash rejection at this 
product ash content are 93.37% and 87.86%, respectively while the ash content in the 
tailing is 89.46%. 
  
Figure 4-2. Release analysis result of tested coal sample. Cumulative yield and 
combustible recovery vs. product ash. 
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Figure 4-3. Release analysis result of tested coal sample. Combustible recovery vs. ash 
rejection. 
4.1.4. Flotation Kinetic Tests  
Batch flotation tests were conducted with a Denver flotation cell and kinetic flotation 
rates were calculated to show the effect of nanobubble application.  The flotation product 
was collected after 15, 30, 45, 60, 120, 240 and 480 seconds and samples were measured 
for their weight and ash content from which the recovery was calculated and the results 
are plotted in Figure 4-4.  These test results proved that flotation in the presence of 
nanobubbles had a much higher combustible recovery and yield in a shorter time than 
flotation in the absence of nanobubbles. The rate constant increased from 2.12 min-1 to 
2.99 min-1 in the presence of nanobubbles.  In other words, nanobubble application 
increased the flotation rate constant by 41%.  Also, it is clear that the product ash is lower 
in the presence of nanobubbles than in their absence. 
The kinetic flotation test results with nanobubbles were much closer to the release 
analysis curve than those without nanobubbles as shown in Figure 4-5.  The curve closer 
to the upper left corner represents higher flotation selectivity for coal particles, which can 
be achieved by increasing the collision and adhesion probabilities and reducing the 
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detachment probability during flotation. In a previous work, improved flotation rate has 
been reported when nanobubbles co-exist with conventional-sized flotation bubbles 
(Zhou et al., 1997).  
 
Figure 4-4.Kinetic rate tests of batch flotation in Denver cell with and without 
nanobubbles. 
 
Figure 4-5. Comparing kinetic flotation tests with and without nanobubbles to release 
analysis. 
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4.1.5. Zeta Potential of Coal Particles 
The zeta potential of clean coal (4.5% ash), in the absence of frother and collector, is 
negative over the pH range 6-12 as shown in Figure 4-6, with the potential becoming 
more negative as the pH increases, due to the increased [OH
−
].  Figure 4-6 shows that the 
coal sample possesses -40 mV zeta potential value at pH 7.  At least five measurements 
were performed for the mean value at each pH. The standard deviation as well as the 
mean value is shown in Figure 4-6. The slurry with a high zeta potential at high pH value 
is electrically stabilized while slurry with a low zeta potential at low pH tends to 
coagulate or flocculate as shown in Figure 4-7.  
Figure 4-8 shows the zeta potential of pure coal in the absence and presence of 
nanobubbles at a pH 7.5 and at different fuel oil concentrations. In the absence of the 
nanobubbles, adding the fuel oil to a suspension of pure coal changed the zeta potential 
from -23 mV to -40 mV and then to -67 mV.   
 
Figure 4-6. Zeta potential of clean coal (4.5% ash) as a function of solution pH value  
(10-3 M KCl). 
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Figure 4-7. Clean coal slurry at different pH values; (A) pH 2.22 (B) pH 5.45 (C) pH 7.28 
(D) pH 11.93. 
The presence of the nanobubbles changed the zeta potential from -40 mV to -65 mV as a 
result of adding 100 ppm fuel oil to the suspension of pure coal (Figure 4-8). Increasing 
the fuel concentration from 100 ppm to 1000 ppm reduced the negative zeta potential 
from -65 mV to -47 mV. This may be mainly because fuel oil competes with nanobubbles 
to attach to the surface of the coal particles, and nanobubbles work as a secondary 
collector which reduces the fuel oil (collector) consumption by up to one half, as will be 
shown in Section 4.1.2.  Figure 4-9, Figure 4-10 and Figure 4-11 show the suspensions of 
pure coal with and without nanobubbles at different fuel oil concentrations. 
A B C D 
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Figure 4-8. The zeta potential of pure coal in the absence and presence of nanobubbles as 
a function of fuel oil concentration in deionized water of 10-3 M KCl 
ionic strength at a pH value of 7.5. 
 
Figure 4-9. Pure coal suspension of 10-3 M KCl without nanobubbles at a pH value of 7.5 
and different fuel oil concentrations; (A) 0 ppm (B) 100 ppm (C) 1000 
ppm. 
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Figure 4-10. Pure coal suspension of 10-3 M KCl with nanobubbles at a pH value of 7.5 
and different fuel oil concentrations; (A) 0 ppm (B) 100 ppm (C) 1000 
ppm. 
 
Figure 4-11. Pure coal suspension of 10-3 M KCl at pH 7.5 and 1000 ppm fuel oil 
concentration without nanobubbles (A) and with nanobubbles (B). 
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Figure 4-12 shows the zeta potential of pure coal in the absence and presence of 
nanobubbles at a pH value of 7.5 and at different MIBC frother concentrations. In the 
absence of nanobubbles, adding MIBC to a suspension of pure coal changed the zeta 
potential from -23 mV to -42 mV.  Figure 4-12 shows that in the presence of nanobubbles 
the zeta potential kept constant at -42 mV even with increasing the MIBC concentration 
from 0 ppm to 500 ppm. It is unclear why the frother changed the zeta potential of the 
pure coal sample only in the absence of the nanobubbles. This may be because in the 
presence of the nanobubbles the zeta meter is detecting the charge of the nanobubbles 
generated on coal particles instead of detecting the charge of the coal particles. 
 
Figure 4-12. The zeta potential of pure coal in the absence and presence of nanobubbles 
as a function of MIBC frother concentration in deionized water of 10-3 
M KCl ionic strength at a pH value of 7.5. 
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4.2. SPECIALLY DESIGNED LABORATORY COLUMN FLOTATION 
A detailed evaluation of the effects of nanobubbles on coal flotation performance was 
carried out in a specially designed laboratory-scale flotation column shown in Figure 3-5 
at different operation parameters. Unless otherwise specified, all column flotation tests 
were performed under the following conditions: froth depth of 30 cm; superficial gas 
flow rate of 0.5 cm/s; fuel oil collector dosage of 0.49 kg/ton; MIBC frother 
concentration of 30 ppm; superficial wash water flow rate of 0.12 cm/s; superficial feed 
slurry flow rate of 0.5 cm/s; as-received feed slurry solids concentration of 7%.   
4.2.1. Nanobubble Enhanced Laboratory Column Flotation 
Figure 4-13 shows the effect of nanobubbles on combustible recovery and product ash at 
varying collector dosages of 0.07, 0.23, 0.49 and 0.80 kg/ton.  It can be seen that 
nanobubbles increased flotation recovery by about 5 to 10 percentage points.  Also, 
without nanobubbles the maximum combustible recovery was about 90% achieved at 0.5 
kg/ton collector; with nanobubbles a 90% combustible recovery was obtained at 0.25 
kg/ton. In other words, nanobubbles reduced collector dosage by one-half to achieve the 
same recovery. This is due to the fact that nanobubbles generated by hydrodynamic 
cavitation preferentially appear on hydrophobic particle surfaces and act as a secondary 
collector. This advantage is particularly important for ultrafine and oxidized coal samples 
since they normally require high dosages of reagents in conventional flotation processes.  
Figure 4-13 indicates that increasing collector dosage to 0.8 kg/ton further increased 
combustible recovery to about 94% in the presence of nanobubbles but combustible 
recovery decreased to 84% in the absence of nanobubbles.  Product ash content was 
lower at 0.25 kg/ton collector dosage and higher at higher collector dosages in the 
presence of nanobubbles than in their absence, as a result of more coal particles 
recovered.   
Figure 4-14 depicts the effect of nanobubbles on coal flotation separation efficiency 
defined as the difference between combustible recovery and ash recovery at varying 
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collector dosages.  It is clear from Figure 4-14 that the separation efficiency of froth 
flotation was almost higher with nanobubbles present in the system. Figure 4-14 also 
indicates that the highest efficiency was obtained at 0.25 kg/ton in the presence of 
nanobubbles and 0.5 kg/ton in the absence of nanobubbles.  This confirms that the 
optimum collector dosage was reduced 50% by use of nanobubbles.  
The results are consistent with previous studies that have shown that nanobubbles 
generated by hydrodynamic cavitation change surface characteristics of minerals 
(Hampton and Nguyen, 2010), increase contact angle of solids and hence attachment 
force (Fan et al, 2010b), bridge fine particles to form aggregates, and in consequence 
reduce reagent consumption (Zhou et al., 1997; Fan and Tao, 2008).  A higher dosage of 
oily collector such as fuel oil used in this study improves coal hydrophobicity and thus 
increases the particle-bubble attachment probability but it increases flotation operation 
costs and reduces flotation selectivity and separation efficiency. A better approach to 
increase flotation recovery is to generate nanobubbles on solid surface, as shown above. 
Figure 4-15 shows the combustible recovery and clean coal ash as a function of frother 
concentration with and without nanobubbles. Similar to the collector effect, nanobubbles 
reduced frother concentration by one-third. For example, without nanobubbles, maximum 
combustible recovery was about 89% at 55 ppm frother concentration, but with 
nanobubbles 92.5% combustible recovery was obtained at 35 ppm frother concentration. 
Figure 4-15 shows that the product ash content was higher in the presence of nanobubbles 
than in its absence. This is primarily a result of higher combustible recovery when 
nanobubbles were utilized.  The separation efficiency, defined as the difference between 
combustible recovery and ash recovery, vs. frother concentration curve shown in 
Figure 4-16 indicates that use of nanobubbles significantly improved the flotation 
separation efficiency of coal particles. The improved separation efficiency by 
nanobubbles observed in Figure 4-16 is a result of selectivity of nanobubble generation 
discussed earlier. 
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Figure 4-13. Effect of nanobubbles on the combustible recovery at varying collector 
dosages in specially designed laboratory flotation column of 5.08 cm 
diameter. 
 
Figure 4-14. Separation efficiency vs. collector dosage with and without nanobubbles in 
specially designed laboratory flotation column of 5.08 cm diameter. 
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Higher frother concentration decreased the microbubbles and nanobubbles sizes and 
increased their concentrations in liquid, which increased the probability of collision. In 
addition, nanobubble coated surfaces of very fine particles can lead to particle 
aggregation and thus more easily recovered due to an increased collision probability.  
To investigate the influence of the feed flow rate on flotation performance, different feed 
flow rates of 0.25, 0.50, 0.75 and 1.00 cm/s were examined. Nanobubbles increased 
flotation recovery, particularly at higher superficial feed velocities, as shown in 
Figure 4-17. For example, an increase of approximately 28%, i.e., from 56% to almost 
84%, in combustible recovery was obtained at a superficial feed velocity of 0.75 cm/s in 
the presence of nanobubbles, while an increase of approximately 14%, i.e., from 33% to 
almost 47%, in combustible recovery was obtained at a superficial feed velocity of 1.0 
cm/s in the presence of nanobubbles.  Although combustible recovery decreased from 
94% to 47% when superficial feed velocity increased from 0.25 to 1.0 cm/s, it was still 
much higher in the presence of nanobubbles than in their absence.   
  
Figure 4-15. Effect of nanobubbles on the combustible recovery at varying frother 
concentrations in specially designed laboratory flotation column of 5.08 
cm diameter. 
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Figure 4-16. Separation efficiency vs. frother concentration with and without 
nanobubbles in specially designed laboratory flotation column of 5.08 
cm diameter. 
 
Figure 4-17. Effect of nanobubbles on the combustible recovery at varying superficial 
feed velocities in specially designed laboratory flotation column of 5.08 
cm diameter. 
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The product ash content was lower or almost the same in the presence of nanobubbles 
than in its absence.  The separation efficiency curve shown in Figure 4-18 indicates that 
the use of nanobubbles significantly improved the separation performance at superficial 
feed velocity larger than 0.5 cm/s. This is because nanobubbles reduced the probability of 
detachment of the attached hydrophobic particles from bubbles. Furthermore, after 
collision and attachment, particles attached to air bubbles do not all report to the froth 
phase and some of them detach from bubble surface and drop back into the pulp phase 
when superficial feed rate was very high. 
 
Figure 4-18. Separation efficiency vs. superficial feed velocity with and without 
nanobubbles in specially designed laboratory flotation column of 5.08 
cm diameter. 
Different superficial air velocities of 0.4, 0.8, 1.2, and 1.6 cm/s were used to investigate 
the influence of the superficial air velocity on flotation performance in the presence and 
absence of nanobubbles and the results are shown in Figure 4-19 and Figure 4-20.   The 
flotation recovery remained essentially unchanged at a high level of approximately 95% 
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m/s. Product ash increased from 6.0% to 9.1% as superficial air velocity increased from 
0.4 to 0.8 cm/s, remained unchanged as superficial air velocity increased to 1.2 cm/s, and 
then increased another 3% as superficial air velocity increased to 1.6 cm/s.  The greater 
separation associated with high recovery and low product ash observed at lower 
superficial air velocity was believed to be the result of good selectivity of cavitation-
generated nanobubbles attaching to coal particles.   
Combustible recovery was much higher in the presence of nanobubbles at all superficial 
air velocities examined, as shown in Figure 4-19.  For example, use of nanobubbles 
increased combustible recovery by about 50% at a superficial air velocity of 0.8 or 1.2 
cm/s.  The separation efficiency vs. superficial air velocity curve shown in Figure 4-20 
clearly indicates that use of nanobubbles greatly improved separation performance of 
flotation.  
 
Figure 4-19. Effect of nanobubbles on the combustible recovery at varying superficial air 
velocities in specially designed laboratory flotation column of 5.08 cm 
diameter. 
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Figure 4-20 shows that the separation efficiency in presence of nanobubbles decreased 
from 80% to about 65% as superficial air velocity increased from 0.4 to 1.6 cm/s. This is 
because nanobubbles increased the attachment probability of the weakly hydrophobic 
particles by increasing their hydrophobicity, which increased the clean coal ash content 
from 5% to about 12% whereas combustible recovery remained essentially unchanged. 
The data clearly indicates that a lower superficial air velocity is preferred in the presence 
of nanobubbles, which reduces the air consumption and thus operating cost. The lower 
requirement for external air consumption in the presence of nanobubbles is a direct result 
of the fact that nanobubbles are produced from air naturally dissolved in water. 
 
Figure 4-20. Separation efficiency vs. superficial air velocity with and without 
nanobubbles in specially designed laboratory flotation column of 5.08 
cm diameter. 
Figure 4-21 and Figure 4-22 show the influence of wash water flow rate on column 
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in Figure 4-21. At all superficial wash water velocities, combustible recovery was 
substantially higher in the presence of nanobubbles than in their absence while product 
ash was lower or essentially the same, which indicates once again that use of 
nanobubbles, improved the separation efficiency of column flotation, as confirmed in 
Figure 4-22, which shows that use of nanobubbles substantially increased separation 
efficiency.    
Figure 4-23 and Figure 4-24 show flotation results obtained at 0.4 cm/s and 1.2 cm/s 
superficial air velocity with nanobubbles at different wash water rates.  Obviously, 
increasing air flow rate from 0.4 cm/s to 1.2 cm/s improved combustible recovery 
without compromising product quality, as shown in Figure 4-23.   Figure 4-24 suggests 
that high superficial air velocity of 1.2 cm/s improved separation efficiency at 0.16 cm/s 
wash water flow rate.   
 
Figure 4-21. Effect of nanobubbles on the combustible recovery at varying superficial 
wash water velocities in specially designed laboratory flotation column 
of 5.08 cm diameter. 
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Figure 4-22. Separation efficiency vs. superficial wash water velocity with and without 
nanobubbles in specially designed laboratory flotation column of 5.08 
cm diameter. 
 
Figure 4-23. Combustible recovery and product ash vs. superficial wash water velocity 
with nanobubbles at 0.4 and 1.2cm/s superficial air velocity in specially 
designed laboratory flotation column of 5.08 cm diameter. 
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Figure 4-24. Separation efficiency vs. superficial air velocity with and without 
nanobubbles at 0.4 and 1.2 cm/s superficial air velocity in specially 
designed laboratory flotation column of 5.08 cm diameter. 
4.2.2. A Size-by-Size Study of Flotation Products 
A size-by-size analysis of flotation products was conducted to assess the effect of 
nanobubbles on coal flotation performance during laboratory nanobubble enhanced coal 
flotation tests. The results are shown in Figure 4-25, Figure 4-26, and Figure 4-27 for 
four different frother concentrations as a function of mean particle size.   
Figure 4-25 shows product ash as a function of mean particle size at different frother 
concentrations.  It can be seen that the presence of nanobubbles slightly increased the 
product ash content. The highest product ash content of about 11% was obtained in the 
finer size fraction finer than 25 µm (12.5 µm arithmetic mean particle size) in the clean 
coal. This is mainly because feed ash in the finer size fraction was higher (60% ash). The 
flotation process reduced the ash content in the size fraction of -300+75 µm (187.5 µm 
mean particle size) from 8% to less than 5.5% at all frother dosages. It reduced the ash 
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content in the size fraction of -75+25 µm (50 µm mean particle size) from about 12% to 
less than 6.5%.       
Results shown in Figure 4-26 indicate that combustible recovery for the -25 µm and the -
300+75 µm size fractions increased by 15% in the presence of nanobubbles at 30 ppm 
frother concentration.  For the -75+25 µm size fraction, nanobubbles had minimal effects 
on combustible recovery, which was already very high (more than 95%) even in the 
absence of nanobubbles. The overall recovery was improved by about 10% at 30 ppm 
frother concentration and by 5% at the other frother concentrations.     
Combustible recovery was higher than 95% for the -75+25 µm size fraction at all frother 
concentrations indicating this size fraction of coal was easy to clean even with a low 
concentration of frother present in the slurry.  However, for the coarser size fraction, 
combustible recovery increased sharply as frother concentration increased from 15 ppm 
to about 60 ppm.  For the finer -25 µm size fraction, combustible recovery increased as 
the frother concentration increased from 15 ppm to 30 ppm then decreased sharply as the 
frother concentration increased from 30 ppm to about 60 ppm.  
The presence of nanobubbles significantly increased combustible recovery for the coarser 
(-300+75 µm) and the finer (-25 µm) particle size fractions. This may be partly because 
the presence of nanobubbles improved the flotation selectivity of coal particles by 
increasing the probability of collision and the probability of attachment and by decreasing 
the probability of detachment of coal particles. 
Figure 4-27 shows separation efficiency curves for different size fractions at different 
frother concentrations. The figure indicates once again that use of nanobubbles improved 
significantly the separation efficiency of the flotation process of relatively coarse and fine 
size fractions. This means that the presence of nanobubbles increased the flotation 
particle size range by increasing the upper size limit and by reducing the lower particle 
size limit.  
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Figure 4-25. Product ash vs. mean particle size with and without nanobubbles for 
different frother concentrations in specially designed laboratory flotation 
column of 5.08 cm diameter.  
 
Figure 4-26. Combustible recovery vs. mean particle size with and without nanobubbles 
for different frother concentrations in specially designed laboratory 
flotation column of 5.08 cm diameter. 
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Figure 4-27. Separation efficiency vs. mean particle size with and without nanobubbles 
for different frother concentrations in specially designed laboratory 
flotation column of 5.08 cm diameter. 
4.2.3. Comparison of Column Flotation Performance with Release Analysis  
Figure 4-28 and Figure 4-29 show the effect of nanobubbles on combustible recovery as a 
function of ash rejection at a collector dosage of 0.49 kg/ton, frother concentration of 30 
ppm, superficial wash water flow rate of 0.41 cm/s, and feed slurry solids concentration 
of 7%. The results in Figure 4-28 were generated by changing superficial slurry feed 
velocities from 0.25 cm/s to 1.23 cm/s while data for Figure 4-29 were generated by 
changing superficial gas velocities from 0.4 cm/s to 1.6 cm/s. By comparing these 
combustible recovery data generated in the presence and absence of nanobubbles with the 
release analysis curve, it can be clearly seen that the flotation combustible recovery 
produced with nanobubbles was much higher than without nanobubbles and in general 
the data points generated in the presence of nanobubbles were closer to the release 
analysis curve.  
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Figure 4-28. Performance comparison of specially designed laboratory flotation column 
of 5.08 cm diameter with and without nanobubbles at different 
superficial feed slurry velocities to release analysis curve.  
 
Figure 4-29. Performance comparison of specially designed laboratory flotation column 
of 5.08 cm diameter with and without nanobubbles at different 
superficial air velocities to release analysis curve. 
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4.3. MECHANICAL FLOTATION EXPERIMENTS 
A three compartment Hazen Quinn (H-Q) conventional flotation cell with cavitation tube 
was used to investigate the benefit of nanobubbles on the conventional mechanical 
flotation process. The total volume of the H-Q conventional flotation cell is 31 liters. The 
effect of nanobubbles on mechanical flotation was investigated under the following 
different process parameters: frother concentration, collector dosage, flow rate to 
cavitation tube, feed solid concentration, and feed flow rate. Baseline data were 
established from a kinetic flotation test using a 5-liter Denver flotation cell.  
Frother concentration had a positive and significant effect on combustible recovery as 
shown in Figure 4-30 while the product ash was stable at 9%. Combustible recovery 
increased from 50% to 75% as frother concentration increased from 10 ppm to 40 ppm. 
The combustible recovery vs. product ash curve with nanobubbles is compared to the 
baseline data curve without nanobubbles in Figure 4-31. The separation efficiency vs. 
frother concentration relationship is shown in Figure 4-32 which shows that the highest 
separation efficiency was at 40 ppm frother concentration.   
 
Figure 4-30.  Effect of frother concentration on combustible recovery and product ash 
content in a bank of three compartment Hazen Quinn (H-Q) 
conventional flotation cells with nanobubbles. 
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Figure 4-31.  Performance Comparison of a bank of three compartment Hazen Quinn (H-
Q) conventional flotation cells with nanobubbles at different frother 
concentrations to baseline data established from a kinetic flotation test 
using a 5-liter Denver flotation cell. 
 
Figure 4-32.  Effect of frother concentration on separation efficiency of a bank of three 
compartment Hazen Quinn (H-Q) conventional flotation cells with 
nanobubbles. 
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As collector dosage increased from 0.1 kg/ton to 0.9 kg/ton, combustible recovery 
increased from 45% to 70% as shown in Figure 4-33. Figure 4-34 shows the separation 
efficiency curve at different collector dosages. Figure 4-35 compares the combustible 
recovery vs. product ash curve with nanobubbles to the base line data without 
nanobubbles. 
 
Figure 4-33.  Effect of collector dosage on combustible recovery and product ash content 
in a bank of three compartment Hazen Quinn (H-Q) conventional 
flotation cells with nanobubbles. 
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Figure 4-34.  Effect of collector dosage on separation efficiency of a bank of three 
compartment Hazen Quinn (H-Q) conventional flotation cells with 
nanobubbles. 
 
Figure 4-35.  Performance Comparison of a bank of three compartment Hazen Quinn (H-
Q) conventional flotation cells with nanobubbles at different collector 
dosages to baseline data established from a kinetic flotation test using a 
5-liter Denver flotation cell. 
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To investigate the influence flow rate to the cavitation tube on flotation performance, 
cavitation tube flow rates of 2000 ml/min, 4000 ml/min, 6000 ml/min, and 8000 ml/min 
were evaluated. As flow rate increased from 2000 ml/min to 8000 ml/min, combustible 
recovery increased from 55% to 68% as shown in Figure 4-36. Also, product ash 
increased from 8% to 10%. Figure 4-37 shows the separation efficiency curve at different 
flow rates to the cavitation tube. Figure 4-38 compares the combustible recovery vs. 
product ash curve with nanobubbles to baseline data without nanobubbles.  
Solids concentration has modest influence on flotation performance. Figure 4-39 and 
Figure 4-40 show that the best solids concentration is about 15%.  Figure 4-41 compares 
the combustible recovery vs. product ash curve with nanobubbles to baseline data without 
nanobubbles. 
From Figure 4-42 and Figure 4-43, it can be seen that higher feed rates produced lower 
combustible recovery and product ash.  Figure 4-44 shows that combustible recovery of 
about 89% was obtained at about 10% product ash and 80% ash rejection. 
 
Figure 4-36.  Effect of flow rate to cavitation tube on combustible recovery and product 
ash content in a bank of three compartment Hazen Quinn (H-Q) 
conventional flotation cells. 
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Figure 4-37.  Effect of flow rate to cavitation tube on separation efficiency of a bank of 
three compartment Hazen Quinn (H-Q) conventional flotation cells with 
nanobubbles. 
 
Figure 4-38.  Performance Comparison of a bank of three compartment Hazen Quinn (H-
Q) conventional flotation cells at different cavitation flow rates to 
baseline data established from a kinetic flotation test using a 5-liter 
Denver flotation cell. 
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Figure 4-39.  Effect of feed solids concentration on combustible recovery and product ash 
content in a bank of three compartment Hazen Quinn (H-Q) 
conventional flotation cells with nanobubbles. 
 
Figure 4-40.  Effect of solids concentration on separation efficiency of a bank of three 
compartment Hazen Quinn (H-Q) conventional flotation cells with 
nanobubbles. 
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Figure 4-41.  Performance Comparison of a bank of three compartment Hazen Quinn (H-
Q) conventional flotation cells with nanobubbles at different feed solids 
concentrations to baseline data established from a kinetic flotation test 
using a 5-liter Denver flotation cell. 
 
Figure 4-42.  Effect of feed flow rate on combustible recovery and product ash content in 
a bank of three compartment Hazen Quinn (H-Q) conventional flotation 
cells with nanobubbles. 
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Figure 4-43.  Effect of feed flow rate on separation efficiency of a bank of three 
compartment Hazen Quinn (H-Q) conventional flotation cells with 
nanobubbles. 
 
Figure 4-44.  Performance Comparison of a bank of three compartment Hazen Quinn (H-
Q) conventional flotation cells with nanobubbles at different feed flow 
rates to baseline data established from a kinetic flotation test using a 5-
liter Denver flotation cell.   
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4.4. FUNDAMENTAL CHARACTERIZATION OF NANOBUBBLES   
4.4.1. Nanobubbles Size Distribution and Stability 
The nanobubbles generated by hydrodynamic cavitation process in water solution are 
nanoscopic sized bubbles and their size distribution was measured three times with the 
results are shown in Figure 4-45. The cumulative curve shows that 10%, 50% and 90% 
are smaller than 250 nm, 600 nm and 1000 nm, respectively.  
A conventional sized bubble (e.g., 1 mm in diameter) quickly rises to the surface of the 
slurry and collapse.   It was confirmed in this study that nanobubbles were very stable in 
the liquid for several minutes, hours or days without noticeable change in the diameter 
without being affected by buoyancy, as shown in Figure 4-46 and Figure 4-47.  The 
bubble size distribution as a function of time is shown in Figure 4-46. Figure 4-47 shows 
the average bubble diameter (d50) is stable at about 700 nm for more than 20 min. Cho et 
al. (2005) found that the effective diameter of the nanobubbles generated by ultrasonic in 
pure water was maintained at 750 nm without significant change within one hour.   
Nanobubbles can stay suspended in the water, agitated by Brownian motion, which 
creates a presumably random motion for nanobubbles in a liquid as a result of their 
collision with the surrounding water molecules as illustrated in Figure 4-48.  The water 
molecules move constantly, randomly, freely, in all directions. The random motion of the 
water molecules forces the nanobubbles to move in a zigzag direction without reporting 
to the top of the liquid medium. Furthermore, there is an electric double layer repulsion 
between the surfaces of the nanobubbles that inhibits their coalescence and further 
growth (Ushikubo et al., 2010).   The presence of electrical charges could be related to a 
hard hydrogen bond at the gas/liquid interface that has a difference structure from that of 
the bulk water. The change in the hydrogen bond was detected by infrared spectroscopy 
(Ohgaki et al., 2010).   Ushikubo et al. (2010) found that the nanobubble size distribution 
was in the range of a few hundred nanometers in diameter and these nanobubbles were 
stable for less than one day, in case of air bubbles, to some days, in the case of oxygen 
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bubbles. In summary, nanobubbles are formed from dissolved air or dissolved oxygen in 
the liquid and they persist as tracer elements, moving with the liquid.  
 
Figure 4-45. The size distribution curve for the bubble once generated by hydrodynamic 
cavitation in water solution of 10 ppm MIBC frother and without air. 
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Figure 4-46. Change of bubble size distribution as a function of time in water with 10 
ppm MIBC and without air after stopping the generation process of the 
nanobubbles. 
 
Figure 4-47. Change of average bubble diameter (d50) as a function of time in water with 
10 ppm MIBC and without air after stopping the generation process of 
the nanobubbles. 
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Figure 4-48. Illustration of Brownian motion of nanobubbles in a liquid as a result of its 
collision with water molecules (Ibe, 2013).  
4.5. FUNDAMENTAL STUDIES OF ROLE OF NANOBUBBLES   
4.5.1. Particle-Bubble Interaction 
Froth flotation is a separation process in which bubble-particle interaction plays a vital 
role. Air bubbles are used as carriers to capture hydrophobic particles selectively from a 
complex slurry. Factors such as bubble diameter, particle diameter, particle density and 
particle hydrophobicity are significant parameters controlling particle-bubble interaction.  
Particle-bubble interactions consist of several physicochemical and hydrodynamic 
phenomena in the flotation system. Most of these phenomena have been addressed 
extensively by the others (Jameson, Nam and Young, 1977; Schulze, 1989 and Naguyen, 
1999), but the direct measurement of the particle-bubble interactions is necessary in the 
presence and absence of nanobubbles on the particle surface to better understand the 
effect of the nanobubbles on some of these phenomena. The experimental setup used in 
this study allows direct observation of the particle-bubble interaction including collision, 
sliding, adhesion and detachment in the presence and absence of the nanobubbles 
generated on the particles of different degrees of hydrophobicity. The method has also 
been found to be successful for estimating the induction time ( it ) which can’t be 
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calculated directly by conducting the Hallimond tube flotation that allows only 
efficiencies or probabilities to be estimated.   
A schematic illustration of particle-bubble collision, attachment and detachment is shown 
in Figure 4-49. The particles within the cross section area defined by limiting radius ( cR ) 
and limiting polar position ( c ) have the chance to colloid with the bubble. On the other 
hand, the particles outside this limiting area follow the streamlines around the bubble 
surface with no chance of touching the bubble. Furthermore, only the particle that 
colloids at a polar position of cr  and within the limiting cross section area of radius crR  
has the chance to become attached to the bubble surface. For the attachment to take place, 
the induction time ( it ) should be shorter than the sliding contact time ( st ). 
The present experiments were focused on visualization of the particle-bubble interaction 
in a stationary deionized water. The interaction events were very fast, in the order of 
milliseconds and a system of high-speed video recording on a micrometer scale was 
necessary to study these events. The videos recorded during the particle-bubble approach 
showed a rapid change in the particle-bubble radial distance ( h ) and polar position ( ) 
in milliseconds. The radial distance was used to identify three distinct regimes of the 
particle motion around a bubble surface. Before particle-bubble collision, the particle 
changes its radial distance ( h ) quickly where the particle moves in the bulk liquid phase. 
After collision, as the particle moves on the bubble surface, the radial distance changes 
slightly as a result of thinning of the intervening water film between the particle and the 
bubble. If the particle is sufficiently hydrophobic, film rupture and expansion of the 
three-phase contact take place, resulting in a rapid change in the radial distance. The 
particle moves with almost a constant radial distance after producing a stable three-phase 
contact. No film rupture or attachment occurs to hydrophilic or very weakly hydrophobic 
particles.   
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Figure 4-49. Schematic showing particle-bubble collision, attachment and detachment in 
froth flotation. 
Nanobubble coated particles form aggregates and in consequence enhance particle bubble 
collisions by increasing the limiting collision area as a result of penetrating the water 
stream lines around the bubbles. Ishida, Kusaka and Ushijima (2012); Zhang, Kumar and 
Scales (2011) found that bridging of nanobubbles is responsible for the long-range (up to 
500 nm) hydrophobic attractive force. Ishida, Kusaka and Ushijima (2012) found also 
that there is an additional attractive force (short range < 20 nm) larger than the van der 
Waals attraction between the hydrophobic particles in the absence of the nanobubbles. 
Figure 4-50 shows that hydrophobic particle aggregates have a higher attachment 
probability than that of a single particle. This may be a result of faster thinning of the 
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water layer between particle and the bubble surface with the aggregate, which flips 
around the particles that are attached to the bubble surface. It has been observed that this 
rotation phenomenon of aggregates is a fast process and facilitates water film penetration.  
 
Figure 4-50. Nanobubble coated particle surface bridges particles to form aggregates, and 
in consequence enhances particle-bubble interaction. Hydrophobic 
particle aggregates have a higher attachment probability than that of a 
single particle. 
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Figure 4-51 shows the attachment of very strongly hydrophobic particles of 110o contact 
angle. It is noticed that the larger the collision angle ( o ), the longer the travelling 
distance of a particle in approximately the same period of time on the bubble surface 
prior to the jump in action. This time is the induction time ( it ).The induction time is the 
time a particle takes to travel from the collision point to the water film penetration point. 
In the absence of nanobubbles, the average induction time of a very strongly hydrophobic 
particle was 48 ms, as shown in Figure 4-52.   
 
Figure 4-51. Attachment of very strongly hydrophobic particles (  =110o) without 
nanobubbles to stationary air bubble in deionized water (A) 160 µm 
particle diameter, 1312 µm bubble diameter, 12o collision angle (B) 150 
µm particle diameter, 1310 µm bubble diameter, 26o collision angle (C) 
150 µm particle diameter, 1310 µm bubble diameter, 44o collision angle.  
A B C 
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Figure 4-52 shows the polar position and radial distance vs. the time for particles of the 
same degree of hydrophobicity ( =110o) with different sizes or collision angles. The 
slope of the polar position vs. time curve determines the angular speed. At the moment of 
particle collision with the bubble surface, the angular speed was at a small value. As the 
particle moved on the bubble surface, the speed increased and maintained a fairly 
constant value until the particle got attached and the angular speed became zero.  
 
Figure 4-52. Attachment of very strongly hydrophobic particles (  =110o) without 
nanobubbles to stationary air bubble in deionized water: the average 
induction time was about 48 ms. 
The nanobubbles generated on the surface of a very strongly hydrophobic particle 
improved the attachment probability by reducing the induction time (
it ) by about one-
half, from 48 ms to 27 ms (Figure 4-53 and Figure 4-54). The nanobubbles adsorbed on 
the hydrophobic particles caused a faster film rupture and particle attachment to the air 
bubble. Fan, Zhao and Tao (2012) found that nanobubbles increased particles 
hydrophobicity in terms of contact angle (  ) and it is noticed that nanobubbles 
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increased the particle hydrophobicity in terms of the induction time (
it ) and reduced the 
dosage of the collector used to increase the differential flotation rate in column flotation 
to one-half, as shown in Figure 4-13.  
Figure 4-54 shows that particle (B) was sliding faster than particle (A) because the sliding 
velocity increases with increasing the collision angular (polar) position. The sliding 
velocity reaches its maximum value at 90o polar position at which the largest slope of 
polar position vs. time curve is obtained. The average induction time for very strongly 
hydrophobic particle of 110o contact angle was 27 ms, as shown in Figure 4-54.  
  
Figure 4-53. Attachment of very strongly hydrophobic particles (  =110o) with 
nanobubbles to stationary air bubble in deionized water (A) 160 µm 
particle diameter, 1364 µm bubble diameter, 22o collision angle (B) 160 
µm particle diameter, 1183 µm bubble diameter, 33o collision angle. 
B A 
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Figure 4-54. Attachment of very strongly hydrophobic particles (  =110o) with 
nanobubbles to stationary air bubble in deionized water: the average 
induction time was about 27 ms. 
Reducing the particle hydrophobicity to 85o contact angle increased the induction time to 
52 ms in the absence of nanobubbles (Figure 4-55 and Figure 4-56). The presence of 
nanobubbles on the surface of these particles reduced the induction time from 52 ms to 
35 ms (Figure 4-57 and Figure 4-58).  
 
0
30
60
90
120
150
180
-100
0
100
200
300
400
500
0 50 100 150 200 250
P
o
la
r 
p
o
si
ti
o
n
, 
ϕ
(d
eg
re
e)
R
a
d
ia
l 
d
is
ta
n
ce
, 
h
 (
µ
m
)
Time, t (ms)
Air bubble
Liquid medium
Polar 
position
Radial 
distance
 99 
 
 
Figure 4-55. Attachment of moderately hydrophobic particles (  =85o) without 
nanobubbles to stationary air bubble in deionized water (A) 150 µm 
particle diameter, 1225 µm bubble diameter, 2o collision angle (B) 125 
µm particle diameter, 1225 µm bubble diameter, 9.5o collision angle. 
A B 
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Figure 4-56. Attachment of moderately hydrophobic particles (  =85o) without 
nanobubbles to stationary air bubble in deionized water: the average 
induction time was about 52 ms. 
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Figure 4-57. Attachment of moderately hydrophobic particles ( =85o) with nanobubbles 
to stationary air bubble in deionized water (A) 150 µm particle diameter, 
1200 µm bubble diameter, 2o collision angle (B) 150 µm particle 
diameter, 1240 µm bubble diameter, 9o collision angle. 
B A 
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Figure 4-58. Attachment of strongly hydrophobic particles ( =85o) with nanobubbles to 
stationary air bubble in deionized water: the average induction time is 
about 35 ms. 
For weakly hydrophobic particles of 50o contact angle, the induction time was increased 
to 75 ms in the absence of nanobubbles (Figure 4-59 and Figure 4-60), while in the 
presence of nanobubbles the induction time was 43 ms (Figure 4-61 and Figure 4-62).  
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Figure 4-59. Attachment of weakly hydrophobic particles ( =50o) without nanobubbles 
to stationary air bubble in deionized water (A) 150 µm particle diameter, 
1355 µm bubble diameter, 14o collision angle (B) 150 µm particle 
diameter, 1300 µm bubble diameter, 17o collision angle. 
A B 
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Figure 4-60. Attachment of weakly hydrophobic particles ( =50o) without nanobubbles 
to stationary air bubble in deionized water: the average induction time 
was about 75 ms. 
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Figure 4-61. Attachment of intermediate hydrophobic particles (  =50o) with 
nanobubbles to stationary air bubble in deionized water (A) 125 µm 
particle diameter, 1330 µm bubble diameter, 22o collision angle (B) 125 
µm particle diameter, 1330 µm bubble diameter, 16o collision angle (C) 
150 µm particle diameter, 1340 µm bubble diameter, 22o collision angle. 
B A C 
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Figure 4-62. Attachment of weakly hydrophobic particles ( =50o) with nanobubbles to 
stationary air bubble in deionized water: the average induction time was 
about 43 ms. 
For very weakly hydrophobic particles approaching a bubble surface, the jump-in action 
was hard to be observed and the induction time could not be estimated as shown in 
Figure 4-63, which shows that nanobubble enhanced the attachment probability by 
increasing the critical attachment radius ( crr ) to about 250 µm (Figure 4-63A). In the 
absence of the nanobubbles, the critical radius was in the range 126 to 201 µm 
(Figure 4-63B).  
The particle size is another factor significantly affecting the attachment probability. It 
changes the sliding time and the centrifugal force of a particle sliding on a bubble 
surface. Increasing the particle size increases the sliding time to a critical value after 
which the particle slides faster with a higher centrifugal force, and thus reduces the 
attachment probability. When the sliding time becomes shorter than induction time the 
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sliding particle will eventually detaches from bubble surface (Figure 4-64 and 
Figure 4-65). Figure 4-64 shows that the smaller particle (125 µm in diameter) had a 
higher attachment probability than a larger particle (175 µm in diameter). Figure 4-65 
also shows that the larger particle had a greater angular speed on the bubble surface than 
that of the smaller particle.    
   
Figure 4-63. Very weakly hydrophobic particles ( =35o) approaching a stationary air 
bubble in deionized water (A) with nanobubbles, “larger attachment 
probability” (B, C) without nanobubbles. 
C B A 
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Figure 4-64. Effect of particle size (125 and 175 µm) on the attachment probability of 
very weakly hydrophobic particles (  =35o) without nanobubbles 
approaching a stationary air bubble in deionized water. 
 
Figure 4-65. Angular speed of very weakly hydrophobic particles ( =35o) of different 
sizes without nanobubbles approaching a stationary air bubble in 
deionized water. 
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The forces acting on a particle approaching a bubble surface and their directions are 
shown in Figure 4-66. The forces can be divided into (Schimmoller, Luttrell and Yoon, 
1993): 
 Hydrodynamic forces: streamline force ( sF ), bubble film thinning force ( rF ), drag 
force (
DF ), gravitational force ( gF ) and buoyancy force ( bF ) 
 Surface chemistry forces: electrostatic force ( eF ), dispersive force ( dF ) and 
hydrophobic force (
hF ) 
The balance between the hydrodynamic and surface chemistry forces controls the 
trajectory of a particle around a bubble surface. Under certain conditions at which the 
summation of the attaching forces is larger than the summation of the detaching forces, 
the thin film between the particle and the bubble spontaneously ruptures. The particle 
position can be defined by the radial distance ( h ) and polar angle ( ) shown in 
Figure 4-49. The particle colloids at an initial polar position o  and detaches at a polar 
angle  
m  (Figure 4-66). 
Streamline flow around a bubble surface generates a streamline force ( sF ) that moves the 
particle around the bubble surface in two directions: radial and tangential directions. 
Another resistance force (
rF ) is produced due to water film thinning in the radial 
direction only and resists the particle movement toward the bubble surface (Schimmoller, 
Luttrell and Yoon, 1993). The motion of the particle is influenced by other hydrodynamic 
forces such as the gravity ( gF ), buoyancy ( bF ) and drag ( DF ) forces.    
As the radial distance ( h ) between the particle and the bubble surface decreases, an 
electrostatic force ( eF ) is created as a result of the interaction between the electrical 
double layers of the particle and bubble surface, which can be attractive or repulsive, 
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depending on the surface charges of the particle and the bubble. The fluctuating dipoles 
of the molecules of the particle and the air bubble in a third medium produce a dispersive 
force ( dF ) which is a repulsive for froth flotation since the dielectric constant of water 
lies between that of the bubble and the particle (Schimmoller, Luttrell and Yoon, 1993). 
The hydrophobic force ( hF ) is the most important surface force in the bubble-particle 
interaction (Schimmoller, Luttrell and Yoon, 1993). hF  is an attractive force for 
hydrophobic particles and decays exponentially with the separation distance ( h ) 
between the particle and the bubble (Schimmoller, Luttrell and Yoon, 1993). Fan, Zhao 
and Tao (2012) found that nanobubbles increase the particle hydrophobicity by up to 20 
degrees in terms of contact angle. This should have a significant impact on the 
hydrophobic attraction that enhances the attachment probability as a result of reducing 
the induction time ( it ), which was confirmed.  
Derjaguin and Dukhin (1960) divided the particle-bubble capture process into three 
zones: hydrodynamic interaction, diffusiophoretic and surface force zones (Figure 4-66). 
The hydrodynamics controls the collision process and governs the particle-bubble 
approach in the pulp phase of the flotation process. Diffusiophoretic zone is a zone of 
spontaneous motion of dispersed particles in a fluid induced by a diffusion gradient 
(concentration gradient) of a substrate. As the particle approaches the bubble to within 
the range of surface forces, the intervening liquid film between the particle and bubble 
surface drains, producing a critical thickness at which the film rupture takes place to 
establish a stable wetting perimeter (three-phase contact). If the particle does not 
approach the bubble surface close enough or the kinetic forces exceed the attaching 
forces, the particle may dislodge from the bubble surface and the detachment process can 
occur (Nguyen and Schulze, 2004).  Once the particle attaches to the bubble surface as 
shown in Figure 4-67, the probability of attachment stability (the strength of the particle 
attachment) is determined by the balance between the attachment forces (
AttachF ) and 
detachment forces ( DetachF ) acting on the adsorbed particle with wetting perimeter of 
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three-phase contact angle ( ) to the bottom of the rising bubble surface in the flotation 
system (Heindel, 1997).   
 
Figure 4-66. Schematic showing hydrodynamic and surface forces involved in the 
bubble-particle interaction (Derjaguin and Dukhin, 1960; Schimmoller, 
Luttrell and Yoon, 1993; Nguyen and Schulze, 2004). 
The detachment forces (
DetachF ) consist of the apparent weight of particle ( WtF ), the 
velocity dependent drag force (
DF ), and the capillary pressure force on the side of the 
bubble due to surface tension (
F ). F is a measure of the tendency of a bubble to 
minimize its surface area. 
FFFF DWtDetach           (13) 
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The apparent weight (
WtF ) consists of the gravity and buoyancy forces, as shown in 
Equation (14) 
 gRF lppWt   3
3
4
         (14) 
The velocity dependent drag force (
DF ) is shown in Equation (15): 
 3
1
3
2
3 9.1
3
4
pb
ppD
RR
RF



          (15) 
where   is the turbulent energy density and it has a constant value between 310  and 
110  kW/kg (Schulze, 1984) 
The capillary pressure force on the side of the bubble due to surface tension (
F ) is given 
by Equation (16): 



22 sin2
2








 gR
R
RF lb
b
p
        (16) 
The attachment forces ( AttachF ) include the hydrostatic pressure force ( HF ) of the liquid 
column ( H ) on the area enclosed by the three-phase contact and the capillary force 
acting on the three-phase contact line ( CaF ).   
CaHAttach FFF            (17) 
   sinsin2 pCa RF         (18) 
The two capillary forces can be maximized by setting (Schulze, 1989):   
2

             (19) 
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Equations (17) and (18) become 
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where   is the interfacial surface tension between the liquid and the gas, 
p  and l  are 
the particle and liquid densities, respectively, g  is the acceleration of gravity, 
bR  and pR  
are the radii of the bubble and the particle, respectively,   is the angle shown in 
Figure 4-67 and   is three-phase contact angle. 
 
Figure 4-67. Illustration of a particle attached to a regular flotation bubble. 
The overall attachment and detachment forces are given in Equations (23) and (24), 
respectively. 
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Plate (1993) and Schulze (1989) show that the probability of attachment stability can be 
given by Equation (25):   







Detach
Attach
Stability
F
F
P 1exp1          (25) 
4.5.2. Flotation Froth Stability 
Froth stability has a significant impact on the froth flotation process. When the froth is 
not stable, the bubbles rupture before they report to the concentrate launder and the 
hydrophobic particles drop-back down the pulp zone. On contrast, a froth that is too 
stable will also carry entrained gangue to the concentrate. Thus, the degree of froth 
stability strongly affects the process efficiency and selectivity.  
Coalescence of two bubbles in water is thermodynamically favorable to form a larger, 
single bubble. For example, shaking a container of water creates bubbles that collapse 
within few seconds, if the water was pure. The force generated by Laplace pressure 
drains the water between the approaching bubbles, which is sufficient to deform the 
bubbles surfaces as illustrated in Figure 4-68 and in sequence the thin draining film 
joining the two bubbles ruptures (Pashley and Karaman, 2005). The pressure difference 
given by Laplace equation: 
R
P 2  across a flat interface A-B is zero, while there is 
a pressure difference where the interface is curved at A-C. Thus, the drainage of the 
liquid from the laminar part of the thin film (B) is governed by the pressure of the liquid 
in this region compared with that of the liquid in the Plateau borders (C) or in the bulk 
liquid. The film may either thin continuously and eventually rupture, or attain an 
equilibrium thickness depending on the balance of the forces which favor film thinning 
such as van der Waals attractive forces and a capillary pressure and the forces which 
resist film thinning similar to overlapping of similar charged electric double layers 
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(Shaw, 1992). The thinning of the interbubble layer of liquid takes place at first by 
drainage under gravitational forces and is then followed by movement of the liquid 
within the lamella by capillary pressure (Sagert and Quinn, 1978).  
 
Figure 4-68. Deformation of approaching bubbles, rupturing of thin film and collapsing 
of bubbles in water (Dippenaar, 1982; Pashley and Karaman, 2005). 
Any random disturbance caused by nanobubbles, surfactants, solid particles, etc., within 
the film may significantly affect the equilibrium film thickness and subsequently the froth 
stability. For example, lowering interfacial tension by adsorption of surfactant (frother) at 
air-water interface facilitates the stability of a large interfacial area. The persistence of the 
froth is also directly linked to the fraction of bubble surface covered by particles (Gaudin, 
1957). The existence of particles is necessary to achieve a stable froth and small bubbles 
are less likely to coalesce, especially when loaded with particles (Szatkowski and 
Freyberger, 1985).  
Variation in bubble size distribution and Sauter-mean bubble diameter was evaluated and 
the results are plotted as a function of column height in froth zone for glass spheres of 
various degree of hydrophobicity in the presence and absence of nanobubbles. Five 
degrees of hydrophobicity were investigated, i.e. very strong, strong, moderate, weak and 
very weak hydrophobicity, corresponding to a contact angle of 110o, 85o, 70o, 50o, 20o, 
respectively. The study was focused on investigating the effect of nanobubbles in the 
presence of particles of different hydrophobicity on froth stability. 
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The very strongly hydrophobic particles with a contact angle of 110o agglomerate and 
destabilize the froth zone. The agglomerated particles plug the column and then settle 
down to the pulp zone without reporting to the concentrate stream due to the high 
effective weight of the agglomerated particles, as shown in Figure 4-69. Lovell (1976) 
found that fine hydrophobic particles destabilize the froth, especially at low 
concentrations, but coarse hydrophobic particles can stabilize the froth. Hemmings 
(1981) reported that the solids concentration has a positive effect on the froth stability. 
Dippenaar (1982) found that spherical hydrophobic particles with a contact angle greater 
than 90o or irregular particles with a lower contact angle destabilize the froth as a result 
of thinning of the inter-bubble liquid bridged by the particles, as shown in Figure 4-68. 
For a certain particle size there is an optimum degree of hydrophobicity that maximizes 
the froth stability. 
 
Figure 4-69. Very strongly hydrophobic particles agglomerate and destabilize the froth 
zone in a column flotation. 
5 mm 
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In contrast, the very weakly hydrophobic particles with a contact angle less than 20o may 
have minimal impacts on the froth stability. It was noticed that the very weakly 
hydrophobic particles detach from the bubble surface before reporting to the froth zone or 
just settle down to the reject stream. Ata, Ahmed and Jameson (2003) found that 
hydrophilic or very weakly hydrophobic particles have a stabilizing effect on the froth by 
increasing the effective viscosity or by mechanical blockage of particles held on the 
surfaces of the bubbles when the film thickness between the bubbles becomes close to the 
size of the particles.   
The existences of hydrophobic particles and/or relatively small bubbles coated with 
hydrophobic particles generate a stable froth, as shown in Figure 4-71.  Figure 4-71 
shows that the bubble coated with particles is very stable and it has a significantly smaller 
size than the bubbles that are not coated with particles. The particles in the laminar zone 
of the thin film also help prevent bubble coalescence by maintaining a thicker film.   
 
Figure 4-70. Solid particles and smaller bubbles coated with particles stabilize froth zone 
in column flotation. 
Stable bubbles coated with 
hydrophobic particles 
Bubbles coalesce where 
there are no particles  
No bubbles coalescence if 
there are particles on the 
thin film  
Laminar zone 
Plateau borders 
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It is noticed that the number of particles in the froth zone decreases with increasing the 
froth height as a result of particles drop-back as shown in Figure 4-71. Thus, the froth 
zone is less stable starting from a certain distance from the froth-pulp interface as shown 
in Figure 4-72(A-B).  This phenomenon was identified by Moys (1978) who found that 
the detachment starts to occur above a particular distance from the froth-pulp interface. 
Figure 4-76, Figure 4-77 and Figure 4-78 show that the froth instability starts to take 
place at 50 mm above the interface as confirmed. In addition, Lynch et al. (1974) 
observed significant changes in the solids concentration along the froth height and found 
that when bubbles coalesce, the particles on their surface return to the lower part of the 
froth zone or to the pulp zone.  Figure 4-72 (A-B) shows that the coalescence rate was 
significantly higher in the absence of the nanobubbles.   
 
Figure 4-71. Drop-back of hydrophobic particles from bubble surface at the top of froth 
zone in column flotation. 
Comparisons between bubble size distributions in the presence and absence of 
nanobubbles at six levels of froth height for other three samples: weakly, moderately, and 
Stable bubbles coated 
with hydrophobic 
particles 
Drop-back of the 
particles from the 
bubble surface 
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strongly hydrophobic particles are shown in Figure 4-73, Figure 4-74 and Figure 4-75, 
respectively. The bubble size distribution at the pulp-froth interface was very narrow and 
the bubble size distribution became wider with increasing froth height as a result of 
coalescence of bubbles.  
Figure 4-76, Figure 4-77 and Figure 4-78 show the Sauter-mean bubble size at various 
heights from the interface. The Sauter-mean bubble size was estimated at least 5 times, 
and the standard deviation is less than 0.6%.  The bubble size distribution and the Sauter-
mean bubble size at froth heights 50 mm to 150 mm from the interface are closer to each 
other than the distribution below or above this range. The slight increase in bubble 
coalescence at a height above 150 mm is a result of wash water addition to the top froth 
zone, which is known as the washing zone. 
   
Figure 4-72. Froth zone is less stable starting from a certain distance from the froth-pulp 
interface in column flotation: (A) with nanobubbles (B) without 
nanobubbles. 
A B 
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Nanobubbles significantly influence the bubble diameter and froth stability as a result of 
increasing particle hydrophobicity, as shown in Figure 4-73 to Figure 4-78. It is clear 
from these figures that nanobubbles have a stronger impact on reducing bubble size 
distribution and Sauter-mean bubble diameter for strongly hydrophobic particles than for 
moderately or weakly hydrophobic particles. The maximum froth stability was 
accomplished when froth contains particles with moderately hydrophobic particles with a 
contact angle of about 70o, which are capable of forming stable bridges across the liquid 
film between the bubbles in the froth. For example at 100 mm above the interface, the 
Sauter-mean bubble diameter was 5 mm, 3.5 mm and 4.75 mm in the absence of 
nanobubbles and 4 mm, 2.75 mm and 3.25 mm in the presence of nanobubbles for 
weakly, moderately, and strongly hydrophobic particle as shown in Figure 4-76, 
Figure 4-77 and Figure 4-78, respectively.   
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Figure 4-73. Bubble size distribution in the froth zone with and without nanobubbles as a 
function of froth height for weakly hydrophobic glass particle (θ = 50o). 
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Figure 4-74. Bubble size distribution in the froth zone with and without nanobubbles as a 
function of froth height for moderately hydrophobic glass particle         
(θ = 70o). 
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Figure 4-75. Bubble size distribution in the froth zone with and without nanobubbles as a 
function of froth height for strongly hydrophobic glass particle (θ = 85o). 
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Figure 4-76. Variation of Sauter-mean bubble diameter as a function of froth height for 
weakly hydrophobic glass (θ = 50o) with and without nanobubbles in 
column flotation. 
 
Figure 4-77. Variation of Sauter-mean bubble diameter as a function of froth height for 
moderately hydrophobic glass (θ = 70o) with and without nanobubbles in 
column flotation. 
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Figure 4-78. Variation of Sauter-mean bubble diameter as a function of froth height for 
strongly hydrophobic glass (θ = 85o) with and without nanobubbles in 
column flotation. 
4.5.3. Surface Area Flux 
Bubble surface area flux ( bS ) is the total surface area of bubbles that ascend a flotation 
cell through a cross sectional area per unit time. It is determined using the superficial gas 
velocity ( gV ) and Sauter-mean bubble diameter ( 32d ),  
32
6
d
V
S
g
b   
The impact of nanobubbles on the total bubble area flux ( bS ) is shown in Figure 4-79, 
Figure 4-80 and Figure 4-81 for weakly, moderately, and strongly hydrophobic glass 
spheres, respectively.  
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Higher bS  is associated with increased flotation rate. The bS  can reach up to 70 s
-1 but 
most of the flotation processes are in the range between 15 and 30 s-1 where the 
superficial gas velocity is about 1 cm/s (Nesset et al., 2005). Increasing the gas flow rate 
results in increasing the mean bubble diameter and the bS  may approach a maximum 
value which is worth considering as the target operating point. The superficial gas 
velocity was kept at 0.73 cm/s, which created a relatively small bubble surface area flux 
in the froth zone.  Higher gas flow rate may not be the most favorable for the recovery of 
the valuable minerals. Figure 4-79, Figure 4-80 and Figure 4-81 show that the existence 
of nanobubbles on the hydrophobic particles and in the slurry increased the bubble 
surface area flux by about 2, 3 and 4 units, respectively with increasing particle 
hydrophobicity. It is also clear that the highest 
bS  was accomplished by using moderately 
hydrophobic particles in the presence of the nanobubbles as shown in Figure 4-80.      
 
Figure 4-79. Variation of bubble surface area flux as a function of froth height for weakly 
hydrophobic glass (θ = 50o) with and without nanobubbles in column 
flotation. 
0
4
8
12
16
0 50 100 150 200 250 300 350
B
u
b
b
le
 S
u
rf
a
ce
 A
re
a
 F
lu
x
 (
s-
1
)
Distance from the interface (mm)
Without nanobubbles
With nanobubbles
 127 
 
 
Figure 4-80. Variation of bubble surface area flux as a function of froth height for 
moderately hydrophobic glass (θ = 70o) with and without nanobubbles in 
column flotation. 
 
Figure 4-81. Variation of bubble surface area flux as a function of froth height for 
strongly hydrophobic glass (θ = 85o) with and without nanobubbles in 
column flotation. 
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4.6. ECONOMIC EVALUATION OF NANOBUBBLE ENHANCED FINE 
COAL FLOTATION 
Depending on the type of flotation equipment used and characteristics of the coal being 
processed, the recovery improvement achieved with nanobubbles varied from 5% up to 
more than 50%. To estimate the potential economic benefits of applying nanobubbles in 
the flotation process, an economic evaluation was conducted. 
The economic evaluation is based on assuming the average ash content of the feed is 
about 35% and the flotation feed is about 100 ton/hr. The cost associated with 
nanobubble application includes operational and capital costs. The capital cost mainly 
includes cavitation tubes and additional pumps.  
A 100 ton/hr flotation feed requires one bank of conventional cells, which can be either 
4-compartment or 6-compartment with a processing capacity of 100 ton/hr. With a solids 
concentration of 10%, each conventional flotation cell will have a flow rate of about 1000 
m3/hr (0.278 m3/s). Compared to the laboratory scale cavitation tube, this flow rate is 
much larger; consequently, the cavitation tube size will be increased to avoid possible 
congestion. To minimize energy consumption by the cavitation tube, feed with this flow 
rate can be directed to flotation cells through multiple Venturi tubes.  For the flow rate of 
0.278 m3/s, one Venturi tubes can be used for each flotation bank, with the size of 4” at 
the throat and 16” at the cylindrical part. The pressure drop under this feed flow rate and 
Venturi tube is 88 Kpa, higher than the threshold value of 69 Kpa measured at the 
laboratory. The total cost of a Venturi tube is $8,000.  The Venturi tube will last in about 
three months and thus the annual cost will $32,000. 
As the installation of cavitation tubes increases the resistance to the feed flow, an 
additional pump may be needed to maintain the flow rate. A Goulds Model JCU 
submersible slurry pump with a total flow rate of 4000 GPM or 0.25 m3/s can be used for 
this purpose.  The current price for this model is about $15,000.  Assuming the pump will 
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last five years and allowing for inflation and warehousing costs, the annual cost will be 
approximately $5,000. 
Therefore, total annual equipment cost will be $37,000.  Considering a factor of 1.1 for 
miscellaneous accessories (including valves and flow meters) and a factor of 1.3 for 
installation cost, the total capital cost becomes about $52,910. 
Based on our measurement with the laboratory nanobubble generator, it is estimated that 
energy consumption will be increased by less than 5 kwh/ton of solids if the pump 
efficiency is 55%.  Assuming the cost of the electricity is $0.12/kwh, the cost of 
electricity per year is $240,000 (=$0.12/kw x 5 kwh/ton x 4000 hours/year x 100 ton/hr). 
Thus, the total increase in costs for the nanobubble application is $52,910 + $240,000 = 
$292,910 each year. 
For the Illinois coal tested, the recovery improvement can be as great as 35% with 
column flotation. To make a conservative estimation, the recovery improvement for an 
industrial application is assumed to be 10%.  
With 100 ton/hr, flotation feed rate, 35% average ash content, 10% product ash 
requirement, and 10% combustible recovery improvement, the total increase in flotation 
product per hour would be: 
100 ton/hr x (1-35%) x 10%/ (1-10%) = 7.2 ton/hr. 
At the current price for clean coal of about $60/ton, the annual revenue generated by 
nanobubble application would be, assuming 4000 working hr/year: 
7.2 ton/hr x 4000 hr/year x $60/ton = $1,728,000. 
Therefore, the net profit brought by nanobubble application would be: 
$1,728,000 - $292,910 = $1,435,090. 
Copyright © Ahmed Sobhy Sayed-Ahmed 2013  
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CHAPTER 5. CONCLUSIONS 
Laboratory nanobubble application to coal flotation has proven very successful. It not 
only significantly improved combustible recovery, but also reduced reagent consumption.  
An economic evaluation has shown this technique is economically applicable, even for a 
plant with small processing capacity.  Specific conclusions are: 
 Nanobubbles significantly enhanced the coal flotation process efficiency with 
higher recovery.  
 The flotation recovery of fine coal was increased by 5 to 50 absolute percentage 
points for different particle size fractions, depending on process operating 
conditions.  
 Collector dosage was reduced by about one-half as a result of the adsorption of 
nanobubbles on coal particle surfaces.  Nanobubbles have a stronger affinity for 
hydrophobic solid surfaces than conventional-sized bubbles and can act as a strong 
secondary collector.   
 The frother dosage was also reduced by up to one-third because nanobubbles are 
mostly smaller than 1 µm when they are formed from dissolved air in the slurry. 
This is because nanobubbles significantly influence the froth stability as a result of 
increasing particle hydrophobicity, and the maximum froth stability was 
accomplished when froth zone contains particles with moderately hydrophobic with 
a contact angle of about 70o. Furthermore, the existence of nanobubbles on the 
hydrophobic particles and in the slurry significantly increased the bubble surface 
area flux. 
 The improved flotation performance by nanobubbles can be attributed to increased 
probabilities of collision and attachment and reduced probability of detachment.   
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 Nanobubbles improved flotation separation performance with coal particles in all 
size ranges, especially with ultrafine and relatively coarse coal particles.  
 The best conditions for column flotation with nanobubbles included a feed rate of 
0.5 cm/s, an aeration rate of 0.5 cm/s with wash water rate of 0.1 cm/s (or aeration 
rate of 1.20 cm/s with wash water rate of 0.16 cm/s), frother concentration of 30-35 
ppm, collector dosage 0.3 kg/ton, and slurry distribution ratio of 60% to the 
cavitation tube. 
 Nanobubble application increased the kinetic flotation rate constant by 41%, which 
implies a significant increase in processing capacity. 
 Nanobubbles coated particles form aggregates and in consequence enhance particle 
bubble collisions probability.  
 Nanobubbles generated on the surface of a hydrophobic particle improved the 
attachment probability by reducing the induction time by up to one-half. 
 For a coal washing plant with a 100 ton/hr feed rate to the flotation cell, the annual 
increase in profit from nanobubble application is estimated at close to $1.44 
million. 
 
 
 
 
 
Copyright © Ahmed Sobhy Sayed-Ahmed 2013 
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CHAPTER 6. SUGGESTIONS FOR FUTURE STUDY 
The results of this work showed that nanobubbles significantly improved fine coal 
separation performance. However, the following further studies are recommended to 
estimate the benefits that can be obtained by using the nanobubbles technology in froth 
flotation process: 
 More fundamental studies that deal with the hydrodynamic conditions and the 
effect of the nanobubbles are needed to better understand how nanobubbles 
enhance the flotation process performance. 
 Nanobubble enhanced column flotation should be applied to a wide variety of 
minerals. 
 Feasibility study should be performed using the data generated from the pilot and 
industrial scale-testing program.  
 
 
 
 
 
 
 
 
Copyright © Ahmed Sobhy Sayed-Ahmed 2013  
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